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Als Kopf der Hypothalamus-Hypophysen-Nebennierenrinden-Achse spielt der Hypothalamus 
eine Schlüsselrolle für die depressive Symptomatik und bei pathogenetischen Modellen affektiver 
Störungen. Für nahezu alle Ebenen dieser Hormonachse lassen sich Funktions- und Struktur-
veränderungen, insbesondere Volumenveränderungen bei uni- oder bipolaren affektiven 
Störungen nachweisen. Zum Hypothalamus existiert hingegen, neben histochemischen Analysen, 
nur ein explorativer post mortem Befund einer Volumenreduktion von bis zu 15.5% bei uni- oder 
bipolar affektiv Erkrankten. 
Die vorliegende Arbeit verfolgt das Ziel, Volumenveränderungen des Hypothalamus bei uni- und 
bipolaren affektiven Störungen in vivo nachzuweisen. Mittels der Hochfeld-MRT lässt sich der 
Hypothalamus seit einigen Jahren mit einer Auflösung von weniger als 1 mm detailgetreu abbil-
den. Zur Beurteilung, ob diese Genauigkeit dem Studienziel gerecht wird, wird eingangs in einem 
vorab publizierten Literaturüberblick der aktuelle Forschungstand zu Strukturveränderungen des 
Hypothalamus bei uni- und bipolaren affektiven Störungen zusammengefasst und diskutiert. Die 
Überblicksarbeit kommt zu dem Urteil, dass auch in vivo Volumenreduktionen des Hypothalamus 
solcher Größenordnungen zu erwarten sind, dass sie mittels Hochfeldbildgebung nachgewiesen 
werden können. Zur präzisen Vermessung des Hypothalamusvolumens stellen anschließend zwei 
ebenfalls publizierte Methodenstudien die Entwicklung und Evaluation einer geeigneten Mess-
methodik anhand hochaufgelöster, T1-gewichteter 7 Tesla MRT-Aufnahmen vor. Sie umfasst eine 
Intensitätsstandardisierung sowie einen falschfarbengestützten Segmentierungsalgorithmus. 
Aufbauend auf diesen theoretischen und methodischen Vorarbeiten präsentiert die vierte publi-
zierte Arbeit die weltweit ersten in vivo Daten zu Volumenveränderungen des Hypothalamus bei 
uni- und bipolaren affektiven Störungen. Im querschnittlichen Vergleich mit gesunden Probanden 
und unter Kontrolle des intrakraniellen Volumens und psychotroper Medikation konnten bei 
beiden Störungsbildern linksseitige Volumenvergrößerungen des Hypothalamus nachgewiesen 
werden. Diese sind möglicherweise ein strukturelles Korrelat histochemisch nachweisbarer 
Aktivitätssteigerungen hypothalamischer Neuronen. Alternativ können sie eine Aktivierung und 
Vermehrung der Gliazellen anzeigen. Schließlich kann eine Volumenzunahme des Hypothalamus 
auch auf eine Vergrößerung der Zellzwischenräume zurückgehen. Der relative Mangel an Gerüst-
strukturen könnte, infolge mechanischer Krafteinwirkungen bei der histologischen Gewebe-
aufbereitung, zu einer verstärkten Stauchung bei den Patienten führen und so den früheren, 
gegenteiligen post mortem Befund erklären. Zur Untersuchung der mikrostrukturellen Gewebe-
eigenschaften des Hypothalamus bei uni- und bipolaren affektiven Störungen soll daher in der 
Folge diffusionsgewichtete Bildgebung zum Einsatz kommen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Danksagung 
 
Mein großer Dank gilt Prof. Dr. Erich Schröger an der Universität Leipzig für seine freundliche 
Unterstützung und naturwissenschaftliche Betreuung meiner Promotion trotz übermenschlich 
gefüllten Terminkalenders. Der ferne Leser lasse sich bitte nicht täuschen von der formellen 
Wortwahl: „naturwissenschaftlich“ bezeichnet hier ein Ideal und ein Zuhause. 
Meine Dankbarkeit gegenüber Prof. Dr. med. Peter Schönknecht, Projektleiter und mein Co-
Betreuer am Universitätsklinikum Leipzig ist in wenigen Sätzen nicht zu fassen. Eine Ahnung mag 
vielleicht das Folgende vermitteln: Ich danke ihm für sein Bemühen, seine unendliche Geduld 
und sein Geschick, die wissenschaftliche Realität und meine Ziele und Werte zu vereinbaren.  
Ich danke außerdem unserem ehemaligen Klinikleiter, Prof. em. Dr. med. Ulrich Hegerl für die 
vertrauensvoll eingeräumten Freiräume und die wohlwollende Beratung für meine Laufbahn. 
PD Dr. med. Stefan Geyer des Max Planck Instituts für Kognitions- und Neurowissenschaften 
Leipzig, ebenfalls Projektleiter, verdient sehr großen Dank für seinen Einsatz für unser 
Kooperationsprojekt. Seine Unterstützung und die durch ihn vermittelten Kollegen und Mittel 
haben unser Forschungsvorhaben überhaupt erst möglich gemacht.  
Ich sende dankbare Grüße an die Lehrkräfte der Psychologie an der TU-Dresden für ihr, meines 
Erachtens nach, herausragendes Lehrengagement, darunter Prof. em. Dr. Bärbel Bergmann, Prof. 
Dr. Carmen Hagemeister und Dr. Falk-Rüdiger Finze. Meine Methodenkenntnisse und Fertig-
keiten haben mich (bisher?) noch nie im Stich gelassen. Das verdanke ich Ihnen! 
Herzlich gegrüßt seien die Herren Doktoren Tilman Hensch, Alfred Anwander, Jan Schreiber, 
Robert Trampel und Pierre-Louis Bazin in meinem Haus, im Max Planck Institut oder in der 
weiten Welt. Eure Mitmenschlichkeit ungeachtet akademischer Grade, der offenherzige Umgang 
mit Wissen und Eure Laufbahnen bewahren mir einen klitzekleinen Funken Hoffnung.  
Eine mentale Umarmung geht an meine Wegbegleiterinnen Wiebke Rahmlow, Maryna 
Polyakova, Melanie Storch, Laura Schmidt und alle anderen „Hausmäuse“. Mein Vers ist jenen 
von Euch gewidmet, die die Grenze zwischen Frustrationstoleranz und Lebenszeitverschwen-
dung schon lange nicht mehr erkennen können. 
In Liebe und Dankbarkeit umärmelt seien meine gesamte, seit diesem Jahr leidvoll dezimierte 
Sippe sowie das Dresdener Rudel. Verzeiht bitte, wenn ich euch mitunter mehr abverlangt habe, 
als ich zurückgeben konnte!  
Dem Nordstern meiner Odyssee, Sören Linkorn, gebührt mein finaler Satz. Ich zähle auf dich, 
beim Pfandflaschen sammeln in der Rente und ziehe meinen imaginären Hut vor dir als Physiker!  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Focus 
 
When the setting sun can’t shine,  
The broken moon won’t glow,  
And in a lone ant’s shadow 
Myriads more long gone 
Vie for glory on and on  
Step out, Son of Man, breathe in. 
You’ve done the maths ‘nough to see 
Solace in futility. 
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1.1 Der Hypothalamus als Vermittler zwischen Gehirn und Körper. 
Auch mehr als 100 Jahre nach E. Kraepelin sind die Prävention, Diagnostik und Therapie uni- 
und bipolarer affektiver Störungen verbesserungswürdig (Menke, 2018). Ein genaueres Ver-
ständnis der pathophysiologischen Grundlagen beider Störungsbilder ist hierfür erforderlich. 
Uni- und bipolare affektive Störungen haben eine Reihe psychisch-vegetativer Symptome 
gemeinsam. Betroffene erleben deutliche Veränderungen des Antriebs, Schlafes, Appetits oder 
Gewichts, der Libido sowie der Psychomotorik. Es sind nicht zuletzt diese somatischen 
Symptome, die ein starkes Leiden bzw. Beeinträchtigungen in wichtigen Lebensbereichen 
verursachen. Sie tragen dazu bei, dass uni- und bipolare affektive Störungen, gemessen an 
Krankheitsjahren oder an dem Verlust gesundheitlich uneingeschränkter Lebenszeit, laut der 
Global Burden of Disease Studie 2016 der Weltgesundheitsorganisation zu den weltweit 
führenden Krankheitsursachen zählen (Vos et al., 2017; World Health Organization, 2018). 
Die somatischen Symptome uni- und bipolarer affektiver Störungen betreffen Körperfunk-
tionen, deren Homöostase vom Hypothalamus moduliert wird. Diese kleine, diencephale Hirnre-
gion beidseitig des 3. Hirnventrikels und rostroventral des Thalamus wird dem limbischen Sys-
tem zugeordnet (Swaab, 2003). Histologisch werden bis zu 17 hypothalamische Kerngebiete und 
Regionen unterschieden (Nieuwenhuys, Voogd & van Huijzen, 2008). Sie sind beteiligt an der 
Regulation der circadianen Rhythmik, des Appetits, der Aufmerksamkeit, des Arousals und der 
Sexualität. Für die homöostatische Kontrolle dieser Körperfunktionen vermittelt der 
Hypothalamus zwischen neuronalen und vegetativen Systemen. So übersetzt er etwa top-down-
Informationen des Neocortex, limbischen Systems und Hirnstamms in Signale an den Körper (z. 
B. kortikotrope Hormone) und bottom-up Signale der Körperperipherie zurück in Informationen 
an das Gehirn (z. B. für eine circadiane Synchronisation endogener Rhythmen) (vgl. Abreu & 
Braganca, 2015; Nieuwenhuys et al., 2008). Da der Hypothalamus, als Kopf der Hypothalamus-
Hypophysen-Nebennierenrinden-Achse (HPA-Achse), auch die dauerhafte Stressreaktion 
reguliert, spielt er in Modellen der Pathogenese affektiver Störungen eine Schlüsselrolle.  
Die vorliegende Arbeit untersucht diese Hirnregion bei Patienten mit uni- und bipolaren 
affektiven Störungen. Sie folgt damit der zu Studienbeginn führenden Diagnosesysteme für psy-
chische Störungen (ICD-10 und DSM-IV-TR), die beide Störungen als Stimmungsstörungen zu-
sammenfassen (American Psychiatric Association, 2000; World Health Organization, 2004). Das 
im Verlauf der Studie veröffentlichte DSM-5 (American Psychiatric Association, 2013) verortet bi-
polare affektive Störungen (BP) hingegen eigenständig zwischen den unipolaren affektiven 
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Störungen (UP) und den schizophrenen Störungen. Es trägt damit Forschungsbefunden zu Unter-
schieden und Gemeinsamkeiten der drei Störungskategorien Rechnung (Clark, Cuthbert, Lewis-
Fernández, Narrow & Reed, 2017; Regier, Kuhl & Kupfer, 2013). 
1.2 Theoretische Einordnung und empirischer Kenntnisstand 
1.2.1 Die HPA-Achse als Bindeglied zwischen Diathese und Stress. 
Gegenwärtig werden mehrere Pathogenesemodelle der UP diskutiert. Sie stehen in der 
Tradition verschiedener Forschungsparadigmen, z. B. dem biologischen, lerntheoretischen oder 
kognitiven Paradigma (Davison, Neale & Hautzinger, 2016). Das Diathese-Stress-Modell gilt seit 
mehreren Dekaden als integratives Rahmenmodell für diese einzelnen Theorien (Davison et al., 
2016; Wittchen & Hoyer, 2011). Ursprünglich für schizophrene Störungen entwickelt, wurde es 
in den 1980er-Jahren in die Depressionsforschung übernommen (Monroe & Simons, 1991) und 
ist heutzutage auch ein Rahmenmodell für die Pathogenese der BP (Baumann, Normann & 
Bielau, 2003; Wittchen & Hoyer, 2011). Es versteht die, in den einzelnen Störungsmodellen pos-
tulierten Faktoren und Prozesse als Komponenten einer individuellen Vulnerabilität, die in Inter-
aktion mit Umweltstress eine psychische Störung auslösen und aufrechterhalten. Bisher ist 
jedoch ungeklärt, über welche Mechanismen diese Interaktion zwischen Stress und Personen-
faktoren erfolgt (Monroe & Simons, 1991). Hirnforschung untersucht hierzu Funktions- und 
Strukturveränderungen der menschlichen Stresssysteme. In der Tradition des biologischen 
Paradigmas versteht sie psychische Störungen als eine Störung der natürlichen Funktion eines 
körpereigenen Mechanismus, wobei sich die Funktion aus den Eigenschaften seiner 
Komponenten ergibt (Craver, 2005, 2009; Wakefield, 1992). Zu diesen Eigenschaften zählt Craver 
(2009) die Struktur und Größe bzw. das Volumen.  
Zwei primäre Stresssysteme werden unterschieden. Das sympathische Nervensystem löst 
eine schnelle Erstreaktion aus, während die HPA-Achse, mittels des Hormons Cortisol, eine 
anhaltende Stressantwort induziert (Birbaumer & Schmidt, 2010; Schröger, 2010). Letztere wird 
in erster Linie durch den Nucleus paraventricularis (PVN) des Hypothalamus gesteuert 
(Kirschbaum & Hellhammer, 1999). Er verarbeitet hierzu körpereigene Stressreize, wie etwa vis-
cerosensorische Signale aus dem Hirnstamm und anderen hypothalamischen Kernen, sowie hoch 
prozessierte Informationen aus weiteren limbischen Strukturen, insbesondere dem Hippocam-
pus, der Amygdala und dem cingulären Cortex (Ehlert & Känel, 2011; Fuchs, Czéh & Flügge, 2004; 
Nieuwenhuys et al., 2008). Der PVN sezerniert Kortikotropin Releasing Hormon (CRH) in das 
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Pfortadersystem der Hypophyse, woraufhin adrenokortikotropes Hormon (ACTH) aus dem 
Hypophysenvorderlappen in die Blutbahn freigesetzt wird. In der Nebennierenrinde induziert 
ACTH die Ausschüttung von Glukokortikoiden, deren wichtigster Vertreter beim Menschen das 
Cortisol ist (Kirschbaum & Hellhammer, 1999). Hypothalamisches Vasopressin und Oxytozin 
modulieren die Wirkung von CRH an der Hypophyse (Bao, Meynen & Swaab, 2008).  
Cortisol hat periphere und zentralnervöse Effekte. In der Körperperipherie dient es vor allem 
der Energiebereitstellung (Herman et al., 2016). In nicht pathologischen Konzentrationen wirkt 
es katabol, d. h. es fördert den Abbau von Nahrungsmitteln oder körpereigenen Energiereser-
ven (Kirschbaum & Hellhammer, 1999; Sapolsky & Meaney, 1986). Es wirkt außerdem immun-
suppressiv und entzündungshemmend (Birbaumer & Schmidt, 2010). Über den Blutkreislauf ge-
langt Cortisol zurück in das Zentralnervensystem, wo es an Glukokortikoid-Rezeptoren (GR) und 
Mineralokortikoid-Rezeptoren bindet. Am Hypothalamus sowie der Hypophyse ermöglicht es so 
ein negatives Feedback und die homöostatische Kontrolle des Cortisolspiegels. (Herman et al., 
2016; Swaab, Bao & Lucassen, 2005). Außerdem bindet es in wichtigen Emotionszentren, z. B. im 
Hippocampus und in der Amygdala (Herman, 1993; Patel et al., 2000) und beeinflusst so 
vermutlich bottom-up die Verarbeitung emotionaler Stimuli (de Kloet, Joëls & Holsboer, 2005; 
Gold, 2015). Diese beiden Hirnstrukturen bilden zusammen mit dem präfrontalen Cortex (insbe-
sondere dem anterioren cingulären Cortex) ein Netzwerk der top-down-Kontrolle der HPA-Achse 
(Drevets, Price & Furey, 2008). Der Hippocampus sendet dabei überwiegend negatives Feedback 
an den PVN, während die Amygdala die Aktivität des PVN fördert, indem sie inhibierende Signale 
anderer Hirnregionen hemmt (Herman et al., 2016; Strüber, Strüber & Roth, 2014).  
Ein Teil der Patienten mit affektiven Störungen weist, gemessen an der Blutkonzentration 
von ACTH und Cortisol, eine erhöhte Aktivität der HPA-Achse auf (Belvederi Murri et al., 2016; 
Stetler & Miller, 2011). Die aktuelle Forschung vermutet dahinter einen der gesuchten Interak-
tionsmechanismen des Diathese-Stress-Modells. (Bennett, 2011b; Binder & Nemeroff, 2010; 
Massart, Mongeau & Lanfumey, 2012; Rajkowska & Miguel-Hidalgo, 2007; Strüber et al., 2014; 
Wilkinson & Goodyer, 2011). Demnach weisen Betroffene eine genetisch oder epigenetisch ver-
mittelte, von gesunden Personen abweichende Mikrostruktur limbischer und kortikaler Hirnre-
gionen auf, z. B. eine geringere GR-Verfügbarkeit oder Gliazellendichte. Die damit einhergehen-
den Funktionsänderungen (z. B. niedrigere Exzitabilität) beeinflussen den Informationsaustausch 
zwischen der HPA-Achse und ihrem limbisch-kortikalen Kontrollnetzwerk. Bei Belastung durch 
einen Stressor führt dies zu einer exzessiven top-down Stimulation der HPA-Achse und/oder 
einer unzureichenden bottom-up Begrenzung der Stressreaktion durch negatives Cortisol-Feed-
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back. Die mikrostrukturellen und -funktionellen Anomalien und/oder das resultierende Übermaß 
an Cortisol führen außerdem zu regional spezifischen, makrostrukturellen Veränderungen des 
Gehirns, z. B. Volumenveränderungen, die zu einer Dysregulation der HPA-Achse beitragen. So-
wohl die veränderte Aktivität des limbisch-kortikalen Netzwerks als auch das Übermaß an Corti-
sol und hypothalamischen Peptiden vermitteln in diesem Modell die depressive Symptomatik 
(Bao et al., 2008; Gold, 2015; Höflich, Baldinger, Savli, Lanzenberger & Kasper, 2012).  
Neuere Forschungsarbeiten gehen davon aus, dass die hirnmorphologischen Veränderungen 
auf das Neuropil zurückgehen – der mit Abstand größten Volumenkomponente der grauen Hirn-
substanz, bestehend aus unmyelinisierten Axonen, Axon-Kollateralen, Dendriten, Synapsen und 
Kapillaren (Bennett, 2011a; Pittenger & Duman, 2008). So wurde vorgeschlagen, dass hippocam-
pale Atrophie und eine mangelhafte Inhibition der HPA-Achse auf eine GR-vermittelte Hypoexzi-
tabilität des Hippocampus und, in der Folge, einem Verlust an Synapsen und einer Verküm-
merung der Dendritenbäume zurückgeht (Bennett, 2008, 2011a, 2011b). Entgegengesetzte Pro-
zesse werden für die Amygdala angenommen. Sie ist möglicherweise aufgrund des Übermaßes 
an Cortisol oder infolge fehlender Inhibition durch assoziierte Hirnstrukturen hypererregbar, was 
über neuroplastische Adaptationsprozesse zu einer Zunahme ihres Neuropils und Volumens 
führt (Bennett, 2011b; Coplan et al., 2014; Gold, 2015; Pittenger & Duman, 2008). Alternativ 
wird hippocampale Atrophie auch auf eine cortisolinduzierte exzessive glutamaterge 
Neurotransmission zurückgeführt, welche mit einer Schädigung von Gliazellen einhergeht und zu 
neuronaler Atrophie und Nekrose führt (Pittenger & Duman, 2008; Rajkowska & Miguel-Hidalgo, 
2007; Sanacora, Treccani & Popoli, 2012).  
Die Wechselbeziehungen der Botenstoffe der HPA-Achse mit anderen Neurotransmittersys-
temen, wie dem serotonergen System oder auch dem Immunsystem, sind erst in Teilen bekannt 
(vgl. Kiecolt-Glaser, Derry & Fagundes, 2015). Daher gilt bisher als ungeklärt, ob die Dysregu-
lation der HPA-Achse Ursache, Folge oder Epiphänomen einer zentralnervösen Dysfunktion ist 
(Belvederi Murri et al., 2016; Gold, 2015; Wilkinson & Goodyer, 2011). Diese Unentschiedenheit 
betrifft auch den Hypothalamus als Steuerorgan der HPA-Achse. Während manche ihn schlicht 
als Projektionsfläche des dysregulierten zentralnervösen Kontrollnetzwerks verstehen (Price & 
Drevets, 2010), verweisen andere (Bao et al., 2008; Swaab et al., 2005) auf die depressogene 
Wirkung von CRH und hypothalamische Funktionsänderungen, welche im folgenden Kapitel 
näher beschrieben werden. 
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1.2.2 Hirnstrukturelle und -funktionelle Korrelate affektiver Störungen. 
In Übereinstimmung mit aktuellen Thesen zur Hyperaktivität der HPA-Achse bei affektiven 
Störungen existieren robuste Daten zu erhöhten Blutkonzentrationen von ACTH und Cortisol bei 
UP und BP. Vereinzelt wurden auch Volumenvergrößerungen der Hypophyse und Nebennieren 
bei diesen Patienten beobachtet (Arnone, McIntosh, Ebmeier, Munafò & Anderson, 2012; Clark, 
Mackay & Goodwin, 2014; Kempton et al., 2011). Hypercortisolismus ist insbesondere häufig bei 
Patienten mit UP des melancholischen Subtyps und während der manischen oder gemischten 
Phase einer BP (Belvederi Murri et al., 2016; Stetler & Miller, 2011). Aber nicht für alle 
Betroffenen ist eine Hyperaktivität der HPA-Achse zu beobachten (Belvederi Murri et al., 2016; 
Stetler & Miller, 2011). Die bisher identifizierten Wechselwirkungen zwischen genetischen oder 
epigenetischen Faktoren und Umweltstress bei der Entwicklung der depressiven Symptomatik 
und hirnmorphologischer Auffälligkeiten beschreiben daher möglicherweise nur Subgruppen von 
Patienten mit affektiven Störungen (Swaab et al., 2005).  
Im Gegensatz zu Blutmessungen von ACTH und Cortisol, die Rückschlüsse auf die Aktivität 
der Hypophyse und der Nebennierenrinde erlauben, lassen CRH-Konzentrationen im Blut oder 
Liquor nicht eindeutig auf die Aktivität des Hypothalamus bzw. des PVN schließen. Der Hypotha-
lamus ist nicht die einzige zentralnervöse Quelle von CRH in der Cerebrospinalflüssigkeit und 
hypothalamisches CRH kann die Blut-Hirn-Schranke nicht passieren (Geracioti, Loosen & Orth, 
1997). Zwei in vivo Studien beobachteten zwar einen Aktivitätsrückgang im Hypothalamus bei 
Patienten mit UP, welche auf therapeutische Intervention ansprachen (Mayberg et al., 2002; 
Mayberg et al., 2005). Allerdings erlauben beide Arbeiten angesichts geringer Fallzahlen (vier 
bzw. acht Patienten) und fehlender Kontrollgruppen keinen Rückschluss auf eine initiale 
Hyperaktivität des Hypothalamus. Für alle drei hypothalamischen Kerngebiete, welche die 
Aktivität der HPA-Achse regulieren (PVN, Nucleus suprachiasmaticus – SCN und Nucleus 
supraopticus – SON), konnte jedoch mittels post mortem Immunhistochemie eine erhöhte 
Aktivität CRH-, Vasopressin- oder Oxytozin-produzierender Neuronen bei Patienten mit UP und 
BP nachgewiesen werden (Bao, Hestiantoro, van Someren, Swaab & Zhou, 2005; Meynen et al., 
2006; Purba, Hoogendijk, Hofman & Swaab, 1996; Raadsheer, Hoogendijk, Stam, Tilders & 
Swaab, 1994; Raadsheer et al., 1995; Zhou et al., 2001). Diese steht möglicherweise in Verbin-
dung mit einer reduzierten Verfügbarkeit des Neuromodulators Stickstoffmonoxid (Bernstein et 
al., 1998; Bernstein et al., 2002).  
Wenige Studien liefern bisher Hinweise, ob diese Aktivitätsänderungen des Hypothalamus 
auch von strukturellen Veränderungen begleitet werden. Eine explorative post mortem Studie 
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fand bei Patienten mit BP ein um 15.5% verkleinertes Hypothalamusvolumen im Vergleich zu 
gesunden Kontrollen (Bielau et al., 2005). Bei Patienten mit UP zeigte sich ein Trend für eine 
Reduktion um 9.5%. Auch das linke Mamillarkörperchen war in der Studiengruppe mit BP 
verkleinert (Bernstein et al., 2012). Zwei weitere Bildgebungsstudien, die im Einklang stehen mit 
einem verkleinerten Hypothalamusvolumen bei der UP, können aufgrund methodischer 
Limitationen nicht verlässlich auf den Hypothalamus (grobe oder intransparente Definition) oder 
die Erkrankung (korrelatives oder Ein-Gruppen-Design) zurückgeführt werden (Glahn et al., 2012; 
Jorgensen et al., 2016). Eine mögliche Volumenreduktion des Hypothalamus bei BP wird aller-
dings gestützt durch Beobachtungen einer Vergrößerung des angrenzenden 3. Hirnventrikels 
(Kempton, Geddes, Ettinger, Williams & Grasby, 2008; Rimol et al., 2010). Die drei hypothala-
mischen Kerngebiete, welche die Aktivität der HPA-Achse regulieren, werden anhand von 
histologischen Nissl-Färbungen auf ein unilaterales Volumen von 5.8 mm³ - 35.0 mm³ (PVN), 0.1 
mm³ - 0.7 mm³ (SCN) und 2.0 mm³ - 19.4 mm³ (SON) geschätzt (Allen, Hines, Shryne & Gorski, 
1989; Bernstein et al., 1998; Goudsmit, Hofman, Fliers & Swaab, 1990; Harding, Ng, Halliday & 
Oliver, 1995; Manaye et al., 2005; Young & Stanton, 1994). Die Minimal- und 
Maximalschätzungen für den Anteil dieser drei Kerne am Gesamtvolumen des Hypothalamus 
(349 mm³ - 705 mm³; Bielau et al., 2005; Piguet et al., 2011) betragen folglich 1.1% - 15.8%. 
Histologische Untersuchungen der drei Kerne fanden bisher nur unveränderte oder vergrößerte 
Volumina bei UP oder BP (Bernstein et al., 1998; Manaye et al., 2005; Raadsheer et al., 1994).  
Im Gegensatz zum Hypothalamus existieren mitunter enorme Datenmengen zu strukturellen 
und funktionellen Veränderungen des limbisch-kortikalen Netzwerks bei affektiven Störungen. 
So urteilen verschiedene Metaanalysen dieser Dekade, dass UP und BP vorwiegend mit einem 
Verlust an grauer Hirnmasse in limbischen und kortikalen Hirnarealen einhergehen. Besonders 
gut repliziert sind entsprechende Beobachtungen für den Hippocampus, die Inselrinde, den orbi-
tofrontalen Cortex und den medialen präfrontalen Cortex einschließlich des anterioren cingu-
lären Cortex (Hibar et al., 2016; Santos, Bezerra, Carvalho & Brainer-Lima, 2018; Schmaal et al., 
2016; Schmaal et al., 2017; Wise et al., 2017). Lateralisierte Effekte sind dabei so häufig, dass sie 
mitunter eine metaanalytische Überprüfung überstehen (z. B. Arnone et al., 2016; Bora, Fornito, 
Yücel & Pantelis, 2012; Schmaal et al., 2017; Wise et al., 2017). Insbesondere beim subgenualen 
anterioren cingulären Cortex zeichnete sich zeitweise eine Tendenz für stärkere linksseitige 
Effekte bei UP und BP ab (Crow, Chance, Priddle, Radua & James, 2013), welche durch neuere 
Metaanalysen jedoch nicht mehr gestützt wird (Schmaal et al., 2017; Wise et al., 2017). Verschie-
dene Versuche wurden unternommen, differenzielle hirnvolumetrische Veränderungen uni- 
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versus bipolarer affektiver Störungen zu ermitteln (Kempton et al., 2011; Konarski et al., 2008; 
Strakowski, Adler & DelBello, 2002; Wise et al., 2017). Beispielsweise scheint hippocampale 
Atrophie bei UP stärker ausgeprägt zu sein als bei BP (Kempton et al., 2011; Wise et al., 2017). 
Die statistischen Effekte für einzelne Kandidatenregionen sind jedoch so schwach, dass sie 
bislang allenfalls in Kombination mit zusätzlichen Informationen eine Unterscheidung zwischen 
beiden Störungen ermöglichen (vgl. MacMaster, Carrey, Langevin, Jaworska & Crawford, 2014; 
Matsuo et al., 2017; Redlich et al., 2014).  
Im Einklang mit der Annahme gleichgerichteter Volumen- und Funktionsveränderungen bei 
der UP (Bennett, 2011b) finden Bildgebungsstudien bei affektiven Störungen Aktivitäts- und Vo-
lumenverluste in z. T. den gleichen Arealen des ventrolateralen und dorsolateralen präfrontalen 
Cortex (Drevets et al., 2008; Houenou et al., 2011). Drevets et al. (2008) argumentieren jedoch, 
dass Aktivitätsveränderungen am Volumen der betroffenen Hirnstrukturen zu relativieren sind. 
So lässt sich zwar auch ein absoluter Aktivitätsverlust und ein Volumenverlust des subgenualen 
cingulären Cortex bei affektiven Störungen beobachten. Relativ zum Volumen entspricht die 
Aktivitätsveränderung jedoch einer Zunahme (Drevets et al., 2008), sodass zumindest für diese 
Hirnregion andere als die von Bennett (2011b) beschriebenen Prozesse anzunehmen sind.  
Seine Hypothesen zu Volumen- und Aktivitätszunahmen der Amygdala sind bisher ebenfalls 
nur in Teilen bestätigt. Es existieren zwar robuste Daten von Patienten mit UP und BP zu 
Aktivitätssteigerungen der Amygdala unter Ruhebedingungen und bei emotionaler Stimulation 
(Hamilton et al., 2012; Houenou et al., 2011; Palmer, Crewther & Carey, 2014). Eine Zunahme 
der Dendriten, Dornenfortsätze und des Volumens der Amygdala konnte zudem in Tierexperi-
menten mittels verschiedener Stressparadigmen induziert werden (Coplan et al., 2014; Cui, 
Sakamoto, Higashi & Kawata, 2008; Henckens et al., 2015; Padival, Blume & Rosenkranz, 2013; 
Vyas, Jadhav & Chattarji, 2006). Sofern Volumenvergrößerungen der Amygdala bei Patienten mit 
UP und BP beobachtet wurden, konnten sie jedoch bisher auf neuroprotektive Effekte psycho-
troper Medikation zurückgeführt werden (Bora, Fornito, Yucel & Pantelis, 2010; Hajek et al., 
2009; Hamilton, Siemer & Gotlib, 2008). 
1.3 Forschungsthema 
1.3.1 Problemstellung. 
Als Kopf der HPA-Achse spielt der Hypothalamus eine Schlüsselrolle für die depressive 
Symptomatik und in pathogenetischen Modellen der UP. Im Gegensatz zu anderen zentralner-
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vösen Kontrollinstanzen der HPA-Achse, für die mitunter enorme Datenmengen zu Funktions- 
und Strukturveränderungen bei UP und BP vorliegen, ist der Hypothalamus jedoch bisher nicht 
reliabel in vivo untersucht. Sofern verlässliche Daten existieren, basieren sie ausschließlich auf 
post mortem Analysen. Diese deuten auf eine Aktivitätssteigerung hypothalamischer Kernge-
biete hin, welche die HPA-Achse und das Stresshormon Cortisol regulieren (PVN, SCN und SON). 
Eine einschlägige Überblicksarbeit zu hirnstrukturellen Veränderungen bei UP argumentiert, dass 
Aktivitätssteigerungen von Hirnregionen mit deren Volumenzunahmen und Aktivitätsverluste 
mit Volumenabnahmen einhergehen (Bennett, 2011b). Bisher existiert jedoch lediglich ein 
Befund einer Volumenvergrößerung des SON bei UP (Manaye et al., 2005). Auch wird die, 
ursprünglich zur Erklärung funktioneller Auffälligkeiten der Amygdala aufgestellte Hypothese 
gleichgerichteter Aktivitäts- und Volumenveränderungen, durch neuere Metaanalysen zum 
Volumen der Amygdala nicht gestützt (Bora et al., 2010; Hamilton et al., 2008).  
Vielmehr scheinen affektive Störungen generell durch limbische und kortikale Volumenver-
luste gekennzeichnet zu sein. Im Einklang hiermit beobachtete eine post mortem Studie ein um 
15.5% verkleinertes Hypothalamusvolumen bei BP sowie einen Trend für eine Verkleinerung bei 
der UP. Diese Daten deuten einerseits auf einen Gewebeverlust des Hypothalamus hin. Anderer-
seits impliziert das Ausmaß der Effekte Strukturveränderungen von mehr hypothalamischen 
Kerngebieten als nach bisherigem Kenntnisstand an der Regulation der HPA-Achse beteiligt sind. 
Dies deckt sich mit dem breiten Symptomspektrum der UP und BP, spiegelt sich aber bisher nicht 
in post mortem Volumendaten einzelnen hypothalamischer Kerngebiete.  
Eine Atrophie des Hypothalamus des post mortem beobachteten Ausmaßes ist möglicher-
weise in vivo nachweisbar. Doch eine in vivo Replikation des Befunds steht bislang aus. Dies liegt 
möglicherweise in einem Mangel geeigneter in vivo Messmethoden begründet. So ist der 
Hypothalamus aufgrund seiner geringen Größe und Einbettung in Gewebe unterschiedlichen 
Myelingehalts mittels gängiger struktureller Bildgebungsverfahren nur schwer abgrenzbar. Die 
post mortem Histologie ist daher bisher der Goldstandard zur Vermessung des Hypothalamus. 
Sie erreicht eine hohe Auflösung, ist aber beschränkt auf Verstorbene und anfällig für 
morphologische Verzerrungen (Abbildung 1). Mittels moderner Magnetresonanztomographie 
(MRT) und hoher Magnetfeldstärken, z. B. 7 Tesla, kann der humane Hypothalamus nun auch in 
vivo mit Sub-Millimeter-Auflösung segmentiert, d. h. abgegrenzt werden. Es existieren jedoch 
bisher nur Segmentierungsalgorithmen für MRT-Aufnahmen niedrigerer Auflösungen.  
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Abbildung 1 Morphologische Verzerrungen des Hypothalamus nach Formalin-Fixation und 
Extraktion (rechts) im Vergleich zur in vivo Bildgebung (links) (Makris et al., 2013; Nachdruck aus 
NeuroImage, 69, Makris, N., Swaab, D. F., van der Kouwe, A., Abbs, B., Boriel, D., Handa, R. J., Tobet, 
S., Goldstein, J. M., Volumetric parcellation methodology of the human hypothalamus in 
neuroimaging: Normative data and sex differences, S. 7, Abbildung 5c, Copyright (2012), mit 
Erlaubnis von Elsevier Inc.). 
 
1.3.2 Forschungsziele. 
Die vorliegende Arbeit hat die in vivo Untersuchung von Volumenveränderungen des Hypo-
thalamus bei der UP und BP zum Ziel. Hierzu soll zunächst eine Vorhersage über die Existenz, 
Richtung und das Ausmaß von in vivo Volumenveränderungen des Hypothalamus bei diesen 
Patientengruppen entwickelt werden. Anschließend soll eine Methode zur Messung des Hypo-
thalamusvolumens anhand von 7 Tesla in vivo MRT-Aufnahmen entwickelt werden, deren Mess-
genauigkeit eine möglichst hohe Vergleichbarkeit mit histologischen Verfahren gewährleistet. 
Mit dieser Methode soll die zuvor erarbeitete Vorhersage über die Existenz, die Richtung und 
das Ausmaß von Veränderungen des in vivo Hypothalamusvolumens bei Patienten mit UP und 
BP überprüft werden. Hieraus lassen sich Rückschlüsse auf das Depressionsmodell der dysregu-
lierten HPA-Achse ziehen. 
1.4 Fragestellungen und Hypothesen 
1.4.1 In vivo Strukturveränderungen des Hypothalamus bei affektiven Störungen. 
Die vorliegende Arbeit verfolgt das Ziel, Volumenveränderungen des Hypothalamus bei der 
UP und BP in vivo zu untersuchen. Anlass hierzu gibt ein post mortem Befund eines um 15,5% 
12 Fragestellungen und Hypothesen 
 
 
verkleinerten Hypothalamusvolumens bei BP. Der Befund ist aber bisher nicht repliziert. Zudem 
steht er hinsichtlich Richtung und Ausmaß im Widerspruch zu Aktivitätssteigerungen weniger 
hypothalamischer Kerngebiete bei der UP und BP: Aktuelle Arbeiten zum Depressionsmodell der 
hyperaktiven HPA-Achse gehen erstens davon aus, dass Funktionseinschränkungen limbischer 
und kortikaler Hirnregionen mit Volumenverlusten, Aktivitätssteigerungen jedoch mit Volumen-
zunahmen einhergehen (Bennett, 2011b; Gold, 2015; Pittenger & Duman, 2008). Zweitens sind 
die post mortem Volumenreduktionen nicht allein durch Veränderungen jener Kerngebiete zu 
erklären, für welche Aktivitätsänderungen in der UP und BP nachgewiesen sind. Diese 
Argumente begründen erste Zweifel an einer Replizierbarkeit des post mortem Befunds. Zur 
eingehenderen Beurteilung der Replizierbarkeit, insbesondere in vivo, soll der Forschungsstand 
daher hinsichtlich der Existenz und Richtung von Strukturveränderungen des Hypothalamus bei 
der UP und BP sowie deren Nachweisbarkeit mittels in vivo MRT-Bildgebung analysiert werden. 
1.4.2 Wie gestaltet sich eine reliable Messmethode?  
Die vorliegende Arbeit beabsichtigt die Überprüfung von in vivo Volumenveränderungen des 
humanen Hypothalamus bei affektiven Störungen. Die Identifikation der ursprünglich histolo-
gisch definierten, hypothalamischen Grenzen mittels struktureller MRT wird durch zellkörper-
reiche Nachbarstrukturen und graduelle Übergänge in myelinreiches benachbartes Gewebe 
erschwert. Mit der 7 Tesla MRT wird eine hohe räumliche Auflösung erreicht, sodass die Grenzen 
des Hypothalamus detailliert zu erkennen sind. Die bisher existierenden Segmentierungsalgorith-
men für MRT-Aufnahmen mit Feldstärken von bis zu 3 Tesla sind entsprechend der verbesserten 
Auflösung zu verfeinern. Um ähnlich hohe Effektgrößen wie eine richtungsweisende post 
mortem Studie (Bielau et al., 2005) statistisch absichern zu können, soll der adaptierte Algorith-
mus – bei angenommener gleicher biologischer Varianz und Mittelwertsdifferenz der Hypothala-
musvolumina in vivo – eine vergleichbare Messgenauigkeit gewährleisten (Intra- und Inter-Rater 
Reliabilitäten ≤ .89). Für den Fall, dass Volumenveränderungen nur hyperaktive Gebiete des 
Hypothalamus betreffen, wäre sogar eine noch höhere Messgenauigkeit zu fordern. Die 
Methodenentwicklung wird daher von der Fragestellung geleitet, mit welcher Methode das 
Hypothalamusvolumen anhand hochauflösender, struktureller 7 Tesla MRT-Aufnahmen reliabel 
gemessen werden kann. Dabei ist zu beachten, dass kleine Strukturen, wie der Hypothalamus, 
ein großes Oberfläche-zu-Volumen-Verhältnis haben (vgl. Abbildung 2). Die Messgenauigkeit an 
den Grenzen des Hypothalamus hat entsprechend einen hohen Einfluss auf die Reliabilität der 
Volumenmessung. 
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Abbildung 2  Anteil der Oberflächenvoxel mit einer isotropen Kantenlänge von 0.7 mm am 
Gesamtvolumen eines Körpers, dargestellt am Beispiel eines Würfels.  
 
1.4.3 Welche Intensitätsstandardisierung optimiert die Bilddatenqualität?  
Trotz des primären Ziels der kontrastoptimierten MP2RAGE Sequenz (Marques et al., 2010), 
Bildartefakte auch für hohe Magnetfeldstärken wie 7 Tesla zu minimieren, können für die hier-
mit erhobenen, T1-gewichteten Aufnahmen residuale interindividuelle Unterschiede der Bild-
intensität nachgewiesen werden. Sie können die Messgenauigkeit insbesondere jener Bildanaly-
semethoden beeinträchtigen, welche eine Einheitsskala der Bildintensität voraussetzen. Da er 
Gewebearten anhand absoluter Intensitätswerte unterscheidet, gilt dies auch für den im 
Rahmen der vorliegenden Arbeit entwickelten Segmentierungsalgorithmus des Hypothalamus. 
Im Extremfall würden unterschiedliche Volumenmessungen mit diesem Algorithmus nicht auf 
biologische Unterschiede des Hypothalamusvolumens sondern auf interindividuelle Intensitäts-
unterschiede der MRT-Aufnahmen zurückzuführen sein. Zur Optimierung der Reliabilität der 
Messmethodik können die individuellen Intensitätsskalen der MRT-Bilder standardisiert werden. 
Eine zweite Methodenstudie untersucht daher die Fragestellung, welche Methode sich zur 
Intensitätsstandardisierung T1-gewichteter, mit der MP2RAGE-Sequenz aufgenommener 7 Tesla 
MRT-Aufnahmen des Gehirns eignet. 
1.4.4 Verringertes in vivo Hypothalamusvolumen bei affektiven Störungen. 
Angeführt von einem post mortem Befund (Bielau et al., 2005), unterstützt der in Kapitel 
1.2.2 und im Überblicksartikel zusammengefasste Forschungsstand die These eines in vivo 
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reduzierten Hypothalamusvolumens bei Patienten mit UP und BP. Angesichts der post mortem 
beobachteten Volumenunterschiede von bis zu 15.5% sollten sich entsprechende Reduktionen 
auch mittels hochauflösender in vivo Bildgebung nachweisen lassen.  
Eine Volumenreduktion des Hypothalamus steht möglicherweise in Verbindung mit einer 
Hyperaktivität der HPA-Achse bei der UP und BP. Ist die Cortisolreaktion auf Stressreize bei 
diesen Patienten erhöht, kann das zu Veränderungen des Glutamatstoffwechsels und der Ver-
fügbarkeit neurotropher Faktoren im Hypothalamus führen. Beides wird mit einer Gliazell-
Nekrose und neuronaler Atrophie in Verbindung gebracht (Sanacora et al., 2012). Das reduzierte 
Hypothalamusvolumen kann also auf einen krankheitsassoziierten Gewebeverlust ähnlich des 
Hippocampus hindeuten. Alternativ kann das reduzierte Hypothalamusvolumen eine ange-
borene Vulnerabilität widerspiegeln. Studien bei Patienten mit UP oder schizophrener Störung 
deuten auf eine genetische Beeinflussung des Hypothalamusvolumens hin (Glahn et al., 2012; 
Goldstein et al., 2007). Beide Erklärungsansätze lassen jedoch offen, in welcher Beziehung ein 
verkleinertes Hypothalamusvolumen zur erhöhten Aktivität einzelner hypothalamischer Kerne 
steht. Entgegengesetzte Volumen- und Aktivitätsveränderungen können auf unabhängige 
Prozesse hinweisen z. B. eine genetische Regulation des Hypothalamusvolumens und eine epi-
genetische Modifikation der GR-expression im limbisch-kortikalen Kontrollnetzwerk des Hypo-
thalamus. Alternativ können sie homöostatische Prozesse widerspiegeln, wie die Kompensation 
von funktionellem Gewebe durch eine Aktivitätssteigerung. 
Eine Hyperaktivität der HPA-Achse ist für Patienten mit UP gut belegt (Stetler & Miller, 
2011). Es existieren darüber hinaus Hinweise auf ein verringertes Hypothalamusvolumen bei 
dieser Patientengruppe (Bielau et al., 2005; Glahn et al., 2012; Jorgensen et al., 2016). Da ein Vo-
lumenunterschied zwischen Patienten mit UP und Kontrollen (Bielau et al., 2005) jedoch bisher 
nicht statistisch abgesichert werden konnte, ist von einer spezifischen Vorhersage über das Aus-
maß eines Effekts für diese Patientengruppe abzusehen. Für die Mehrheit der post mortem 
untersuchten an einer UP Erkrankten ist psychopharmakologische Medikation dokumentiert, 
sodass für psychopharmakologisch behandelte Patienten mit UP ein verkleinertes in vivo Hypo-
thalamusvolumen im Vergleich zu gesunden Kontrollen vorhergesagt wird.  
Psychopharmakologische Medikation steht im Verdacht limbische und kortikale Volumen-
verluste zu kompensieren. Patienten ohne psychopharmakologische Medikation berichten 
jedoch typischerweise auch eine geringere Zahl von Krankheitsepisoden. Post mortem nahm das 
Hypothalamusvolumen bei Patienten mit UP mit steigender Zahl an Krankheitsepisoden stark ab 
(r(7) = -.89, Bielau et al., 2005). Die gegensätzlichen Effekte fehlender, potentiell neuroprotekti-
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ver Medikation und einer geringeren Episodenzahl heben sich zu unbekannten Anteilen auf. 
Daher sind auch für Patienten mit UP ohne psychopharmakologische Medikation in vivo 
Volumenverluste des Hypothalamus im Vergleich zu gesunden Kontrollen von unbekanntem 
Ausmaß zu erwarten. 
Bei der BP ist die Hyperaktivität der HPA-Achse primär in manischen und gemischten Phasen 
beobachtbar (Belvederi Murri et al., 2016). In Übereinstimmung hiermit existieren Hinweise auf 
differenzielle hirnmorphologische Auffälligkeiten der BP im Vergleich zur UP (MacMaster et al., 
2014; Matsuo et al., 2017; Redlich et al., 2014; Strakowski et al., 2002; Wise et al., 2017). So 
konnte auch bei Patienten mit BD, nicht aber bei Patienten mit UP, ein post mortem 
verkleinertes Volumen des Hypothalamus mit großer Effektstärke statistisch abgesichert werden 
(Bielau et al., 2005). Da die post mortem beobachtete Volumenreduktion sich aber nicht in 
entsprechenden Befunden zu einzelnen hypothalamischen Kernen widerspiegelt, bestehen 
Zweifel an einer in vivo Replizierbarkeit der Größe des Effekts. Der Volumenunterschied zur 
Studiengruppe mit UP war nicht statistisch signifikant und begründet also keine vergleichende 
Vorhersage. Daher wird auch für psychopharmakologische Patienten mit BP ein signifikant 
verkleinertes Hypothalamusvolumen im Vergleich zu gesunden Kontrollen erwartet. 
Aktuelle Thesen zur Hyperaktivität der HPA-Achse bei der UP verstehen limbische und 
kortikale Volumenverluste als strukturelle Korrelate einer progredienten Dysregulierung der 
HPA-Achse. Im Einklang hiermit konnte anhand von post mortem Gehirnmaterial eine 
Korrelation zwischen dem Hypothalamusvolumen und der Zahl erlebter Krankheitsepisoden 
einer UP nachgewiesen werden (Bielau et al., 2005). Entsprechend ist auch in vivo eine Abnahme 
des Hypothalamusvolumens mit zunehmender Krankheitsdauer, Chronizität oder 
Symptomschwere der UP oder BP zu erwarten. 
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Abstract 
A large body of evidence indicates that the hypothalamus is involved in pathogenetic 
mechanisms of mood disorders. It has been suggested that functional abnormalities of the 
hypothalamus are associated with structural hypothalamic changes. Structural neuroimaging 
allows in vivo investigation of the hypothalamus that may shed light on the underlying 
pathogenetic mechanisms of unipolar and bipolar disorder. Clearly, the detection of subtle 
structural cerebral changes depends on the limitations of the neuroimaging technique used. 
Making a comprehensive database search, we reviewed the literature on hypothalamic 
macrostructure in affective disorders, addressing the specific question of what structural 
magnetic resonance imaging might be expected to show. Studies with convincing methodology, 
although rare, suggest a global volume decrease in the hypothalamus in affective disorders, a 
decrease which is not shown by the two specific nuclei investigated, the paraventricular and 
supraoptic nuclei. We discuss the implications of these findings and provide directions for future 
research. 
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1 Introduction 
The human hypothalamus is a subcortical grey matter brain region of roughly 4 cm³ 
neuronal tissue (Hofman & Swaab, 1992) situated on both sides of the third ventricle, 
rostroventral to the thalamus. It is typically divided into areas within which are embedded 
cytoarchitectonically distinguishable nuclei (i.e. cell groups). These nuclei are considered also to 
be functionally distinct, although with some functional overlap (Nieuwenhuys, Voogd, & van 
Hujzen, 2008a). Numerous cognitive, behavioural, and visceral processes mediated by 
hypothalamic areas, especially the nuclei, have been found to be involved in affective disorders 
(for reviews see e.g. Cousins, Butt, & Young, 2009; Price & Drevets, 2010; Strakowski DelBello, & 
Adler, 2005; Sublette, Oquendo, & Mann, 2006). Corresponding functional and microstructural 
hypothalamic changes have been reviewed comprehensively by Swaab (2003) and Bao, Meynen, 
& Swaab (2008). It has been suggested that some of these abnormalities are associated with 
macrostructural changes, meaning unidimensional (e.g. width), bidimensional (e.g. area), or 
volumetric changes on the scale of the entire hypothalamus (Beyer & Krishnan, 2002; Soares & 
Mann, 1997).  
Our knowledge of macrostructural abnormalities of the hypothalamus in affective disorders 
is based on (histological) post mortem studies, that restricted by a ‘retrospective viewpoint’ 
provide little insight into cause-effect relationships. The increasing technical sophistication of 
magnetic resonance imaging (MRI), which allows sequential in vivo measurements with sub-
millimetre spatial resolution, facilitates longitudinal studies of structural changes in subcortical 
areas. However, it remains open whether macrostructural abnormalities of the hypothalamus 
might be observable in MRI, since this depends on MRI-specific acquisition parameters (e.g. 
resolution, contrasts) on the one hand, and the magnitude of potential structural changes on the 
other hand. With regard to the latter it is important to keep in mind that the preparation of dead 
tissue for histological analyses (fixation, dehydration, embedding, cutting) involves various 
mechanical or physical strains that can alter the tissues’ macrostructure (Dorph-Petersen, 
Nyengaard, & Gundersen, 2001). Therefore absolute values (e.g. mean volumes) estimated in 
post mortem analyses are difficult to compare, and they might be a poor guide to the exact in 
vivo volume of the tissue under investigation. On the other hand, predictions of in vivo effects 
based on effect sizes estimated in post mortem analyses are valid only if the methods employed 
are similarly accurate. Finally, both histological approaches as well as in vivo research using 
structural MRI are challenged strongly by arbitrary delineation criteria (Bhadoria, Watson, 
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Danson, Ferrier, McAllister, & Moore, 2003; Drevets, 2000; Sassi et al., 2001). Against this 
background, we provide a systematic and qualitative review of the existing post mortem 
(histological) and in vivo (structural MRI) literature, addressing the questions of what 
macrostructural abnormalities of the hypothalamus in affective disorders can be expected, and 
whether they are large enough to be visible with current MRI techniques. 
2 Methods 
We reviewed the existing literature on structural findings related to the hypothalamus in 
affective disorders, as indexed by major databases (Medline, PsycINFO, PSYNDEX, Scirus, Scopus, 
Web of Science), providers of digitized theses and dissertations (NDLTD, diplom.de, examicus), 
or the search engine Google for the free internet. The search term sequence employed (all 
fields) was “hypothalamus AND volume AND (depression OR mania OR bipolar OR unipolar)” or 
variations thereof. Bibliographies of relevant articles were also scanned in detail, and authors 
were contacted for further information. 
Note that this search term sequence might incorporate a pro-effect bias. By definition, 
volumetric studies using voxel based morphometry (VBM, Ashburner & Friston, 2000) with 
patient-control designs that did not report hypothalamic alterations could be interpreted as 
showing non-significant effects. Nonetheless, these studies are not discussed in this review since 
neuroimaging data–even those obtained with methods that are exhaustive by definition–are 
influenced by hypothesis-dependent parameter settings and post-processing methods. This 
applies to VBM in general and the sensitivity of such methods decreases especially for localized 
changes i.e. small structures (Drevets, 2000). For this reason whole-brain studies that do not 
discuss the hypothalamus do not automatically falsify unstated hypotheses about hypothalamic 
alterations. This reflection allows their exclusion from this review.  
For unified nomenclature the topographical information is termed in accordance with 
Nieuwenhuys, Voogd, and van Huijzen (2008b). 
3 Literature overview 
3.1 Indirect structural measures of the human hypothalamus 
Since research on the hypothalamus itself is fraught by the difficulties of defining its 
margins, indirect evidence for structural changes has been sought by investigating one of its 
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major adjacent structures, namely the third ventricle. The most recent meta-analysis, including 
ten neuroimaging studies and a total of 208 bipolar patients and 271 controls, confirmed a 
significant volume increase of the third ventricle (Kempton, Geddes, Ettinger, Williams, & 
Grasby, 2008), whereas an earlier, smaller meta-analysis found no significant dilation of the third 
ventricle in this disorder (McDonald et al., 2004). Alas, these meta-analyses estimated 
ventricular alterations on a rather large scale, i.e. the volumes of the entire third ventricle or 
even the whole ventricular system. In contrast, the hypothalamus adjoins only the anterior third 
ventricle, definable by the coronal levels of the anterior commissure and the posterior end of 
the mamillary bodies (England & Wakely, 2006; Goldstein et al., 2007). In search of evidence for 
structural alterations of the hypothalamus we reassessed the third ventricle literature, based on 
the comprehensive database provided by Manji et al. (2003), and focusing on those few that 
investigated specifically its anterior portion (Table 1). 
In one neuroimaging study with 27 bipolar, 46 schizophrenic, and 60 normal subjects, 
Pearlson et al. (1997) measured the third ventricle’s volume at the coronal level of the 
hypothalamus, based on two MRI slices. A global group comparison yielded a significant effect (F 
= 3.36; p = .04) and the authors stated further that the third ventricle was larger in both patient 
groups, although no statistics were provided. Support comes from a later MRI study by Bhadoria 
et al. (2003) who reported significantly wider third ventricles in 74 bipolar patients compared 
with 33 normal controls (t = 2.16; p = .03). According to the authors, ventricle width was 
estimated at the supposed coronal level of the “paraventricular, posterior, dorsolateral and 
some of the ventromedial nuclei” of the hypothalamus (Bhadoria et al., 2003). Most recently, 
Cousins and colleagues (2010) replicated this finding with 49 euthymic bipolar patients and 47 
healthy controls. Assessing third ventricle width on the supposed coronal level of the 
paraventricular nucleus (PVN) of the hypothalamus, they also found significantly enlarged third 
ventricles in the bipolar patient group (F = 12.7, p = .001; d = 0.76).  
Two additional MRI studies should be considered here, although methodologically limited. 
First, Strakowski, Wilson, Tohen, Woods, Douglass, and Stoll (1993) measured third ventricle 
volume in 17 patients with first-episode mania and 16 healthy controls. Three contiguous 
coronal 6 mm MRI slices “in which the structure could be most clearly visualized and included 
the cerebral aqueduct” were used for the calculation of a partial volume, which was found 
significantly increased in the patient sample (F = 6.83; p = .01). Assuming unaltered thalamic 
volumes, the authors suggested the hypothalamus as the site of tissue loss. This interpretation is 
problematic not only because of methodical limitations rightly conceded by the authors (e.g. 
24 Review Artikel 
 
 
third ventricle increase caused by 3 out of 17 patients). Moreover, the MRI slices chosen might 
be situated too posteriorly (c.f. Nieuwenhuys et al., 2008b) to encompass hypothalamic tissue. In 
a second study by Hauser and colleagues (2000) no significant differences between euthymic 
bipolar I (n = 25), II (n = 22) and normal controls (n = 19) were found in terms of cross sectional 
area of the third ventricle. Again, the single MRI slice chosen “through the middle of the 
temporal lobes containing the bulk of the hippocampus at the level of the pons and the 
interpeduncular cistern”, was “possibly too posterior and (...) too thick to assuredly localise 
hypothalamic regions” (Cousins et al., 2010). 
In short, the literature on bipolar disorder suggests a dilation of the third ventricle in the 
region where hypothalamic nuclei are supposedly present in its walls. Three imaging studies 
reported significant increases of volume, cross sectional area, or width, whereas two further 
studies, one of which found no effects, may have failed to measure hypothalamic regions. 
Importantly, these findings have to be interpreted with caution. Ventricular dilation is not 
evidence for a volume loss within the immediately adjacent nerve tissue, but could also result 
from diffuse cortical shrinkage (c.f. Horga et al., 2011). 
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3.2 Structural investigations of the entire human hypothalamus 
The indirect findings with regard to the neighbouring third ventricle complement post 
mortem and in vivo volumetric investigations of the entire hypothalamic region. The earliest 
report of volume changes observed post mortem can be found in Baumann and Bogerts (2001). 
Emphasizing the preliminary character of the results of an ongoing study, the authors reported 
no significant volume differences for the hypothalamus between the patient group (8 uni- or 
bipolar patients) and the matched control group. In the unipolar subgroup however, a significant 
reduction (not quantified) was observed in the left hypothalamus, as well as a non-significant 
trend towards a reduction (13%) in the right hypothalamus. According to the authors the effects 
were controlled for age, sex, tissue processing, and medication, but unfortunately, the report is 
limited with respect to study characteristics (sample sizes, morphometric procedure, and 
statistics) which would be required for an independent interpretation or a replication. A later 
publication originating from the same research group might be related to this early report. 
Seeking macrostructural changes associated with mood disorders Bielau et al. (2005) determined 
the volumes of several brain regions post mortem in 9 patients with major depression, 11 
patients with bipolar I disorder, and 22 subjects without a neuropsychiatric disorder. Group 
comparisons showed a large effect (f = 0.56; -15.5%) for the hypothalamic region in patients with 
bipolar I disorder compared with the controls (for absolute values and delineation criteria see 
Table 2). The major depressive group also showed a trend towards volume decrease of -9.5% (f = 
0.36, medium effect) but this was not significant, possibly due to the small sample size. The 
trend for larger volume reductions in bipolar compared with the unipolar patients (f = 0.26, 
medium effect) was not significant either and possibly confounded with a greater number of 
affective illness episodes in the bipolar sample. Interestingly, Bielau and his colleagues found no 
significant correlations between the hypothalamic volume and psychotropic medication. 
Recently, Bogerts (2010) reported data from 20 uni- and bipolar patients and 23 healthy 
controls. Among various volume differences the reductions in the hypothalamic region were the 
most pronounced (-12.75%) with a trend towards larger decreases in men. Given considerable 
congruence between the sample descriptions, we understand that this report is based on a 
reassessment of the data of Bielau et al. (2005) including one extra control subject.  
To our knowledge only two in vivo studies that included the hypothalamus using structural 
neuroimaging have been performed. In an early MRI study by Dupont et al. (1995) various brain 
volumes from 30 patients with major depression or dysthymia and 36 with bipolar I disorder 
28 Review Artikel 
 
 
were compared with those from 26 control subjects without past or current psychiatric 
diagnoses. The region of our interest, the anterior diencephalon comprising hypothalamic grey 
matter, the mamillary bodies, and also the septal nuclei was delineated by manually placed 
polygons. Thus defined, the authors found no significant differences with respect to voxel 
number between the diagnostic groups. However, considering the highly approximate method 
for determining borders, and the fact that this region included not only the hypothalamus, this 
result should be interpreted with caution. The second in vivo study to be discussed here was 
conducted by Pinilla (2009), in the context of her doctoral dissertation using VBM-MRI for 
exploratory whole brain voxel-wise analysis. According to the author, the volume comparisons 
for each voxel between the patient sample (24 acute major depressive patients) and the control 
sample (24 healthy controls) revealed significant (p < .05) reductions in the hypothalamus, with 
peak differences at the coordinates (x, y, z) -6, 2, -9 in the left hemisphere and 9, 2, -9 in the 
right hemisphere. Assuming the Montreal Neurological Institute (MNI) space as reference 
coordinate system, which was not specified in the manuscript although it is implemented in the 
SPM5 software (Wellcome Trust Centre for Neuroimaging, 2005) employed in this study, we 
were unable to confirm the identification of these voxels as hypothalamic. Following conversion 
of the coordinates with the MNI to Talairach converter applet (Rajeevan & Papademetris, no 
year) the Talairach client version 2.4.2 (Lancaster et al., 2000) labelled these coordinates as 
white matter, with the lentiform nucleus as the nearest grey matter. The hypothalamus emerged 
only if the search range was increased to 3 mm boxes centred on the given coordinate. Thus, the 
reported voxels exhibiting volume differences are difficult to interpret as hypothalamic. 
Additionally, the medication status of the patients is unknown to us, which further limits the 
interpretability of this study (see below).  
In summary (see Table 2), the existing post mortem literature suggests substantial volume 
losses in the hypothalamic region in unipolar patients (-9.5%, medium effect, not significant) and 
bipolar patients (-15.5%, large effect, p < .01). So far, in vivo studies using MRI failed to locate 
precisely the hypothalamus due to methodological limitations. 
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3.3 Structural investigations of human hypothalamic nuclei  
Given the heterogeneity of the hypothalamic region, an overall volume loss does not 
necessarily imply that all nuclei are affected (Cousins et al., 2010). Only two nuclei have been 
investigated so far and utmost caution is needed when interpreting these post mortem studies 
(Table 3). The histological dyes employed either suffer from limited reliability, e.g. conventional 
staining with Nissl stain (Mai, Kedziora, Teckhaus, & Sofroniew, 1991), or they show 
immunocytochemically targeted specific cell groups that might not be representative for the 
particular hypothalamic nucleus (c.f. Hofman, 1996; Mai et al., 1991). Moreover, volume 
changes found with immunocytochemical stainings might not represent changes of tissue 
volume but increased target expression, as illustrated by the following study. Bao, Hestiantoro, 
Van Someren, Swaab, and Zhou (2005) dissected and sliced the hypothalami from 13 subjects 
with mood disorders (8 major depression and 5 bipolar disorder) and 13 matched healthy 
controls. Based on an immunocytochemical staining with an innovative corticotrophin-releasing 
hormone (CRH) antibody, the volume of the PVN was determined stereologically and found to 
be significantly enlarged in the patient sample. Differences between unipolar and bipolar 
patients were not significant. Importantly, a volume increase of the PVN delineated by CRH-
immunoreactivity is not evidentiary for an overall PVN volume increase because CRH neurons 
are not evenly distributed throughout the PVN (Koutcherov, Mai, Ashwell, & Paxinos, 2000). If 
the finding by Bao et al. (2005) was caused by an overall PVN volume increase, we would expect 
similar findings using other staining methods. One study by Purba, Hoogendijk, Hofmann, and 
Swaab (1996) targeting neurons immunoreactive for the hormones arginine vasopressin (AVP) or 
oxytocin (OXT) found no volume difference between patients with mood disorders and normal 
controls. CRH, OXT and AVP cells are located in largely overlapping posterior regions of the PVN 
but CRH immunoreactivity can also be found in medial portions of the PVN whereas additional 
OXT and AVP cells concentrate dorsolaterally, resp. ventrolaterally (Koutcherov et al., 2000). 
Given the comparatively small size (n = 8) and large heterogeneity of the patient sample (Table 
3) it might not be surprising that the volume differences observed by Purba et al. (1996) did not 
reach significance. However, the absence of overall PVN changes is corroborated by three 
further studies that used conventional dyes. Raadsheer, Hoogendijk, Stam, Tilders, and Swaab 
(1994) delineated the PVN from 8 patients with affective disorder and 10 healthy controls with 
the help of neutral red dye and found no significant volume difference between the groups. 
Again, the sample size might have been too small to secure the volume increase beyond doubt. 
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Bernstein and colleagues (1998) estimated the volume of the PVN in 8 patients with affective 
disorders and 13 matched controls staining for Nissl-substance (ribonucleic acid in cell bodies). 
Group comparisons also yielded no significant volume differences between patients and controls 
for the PVN in either hemisphere. In a more recent study, Manaye, Lei, Tizabi, Dávila-García, 
Mouton, and Kelly (2005) investigated the volumes of hypothalamic nuclei of 11 subjects with 
major depression, 7 subjects with bipolar disorder and 8 matched controls using cresyl violet to 
reveal Nissl containing structures. In this study, too, group differences were not significant for 
the PVN. Surprisingly, the supraoptic nucleus (SON) was found to be significantly enlarged in 
major depressive patients compared with bipolar patients or controls (p < .05).  
In summary, out of a large number of hypothalamic nuclei, only the PVN and the SON have 
been investigated volumetrically so far. It appears that the overall hypothalamic volume loss is 
not mirrored in these nuclei. Only one study that delineated the PVN based on CRH-
immunoreactivity found a significant volume increase in uni- and bipolar patients. Four contrary 
studies staining for AVP, OXT, or Nissl suggest that this structural change is restricted to CRH cell 
groups of the PVN and it might be a manifestation of their increased activity (Bao et al., 2005; 
Manaye et al., 2005). One single report of a volume increase in the SON in major depressive 
subjects was based on a dye targeting all neurons, regardless of their products. Thus it cannot be 
explained by increased activation of immunoreactive cells. Opposing a volume decrease in the 
entire hypothalamus, this finding clearly is fascinating and calls for replication. 
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4 Discussion 
4.1 Feasibility of MRI for the study of macrostructural changes of the hypothalamus and 
its nuclei in affective disorders 
We reviewed the literature for information regarding the existence and magnitude of 
structural hypothalamic changes in patients with mood disorders. Global hypothalamic volume 
losses of roughly 130 mm³ (9.5%, f = 0.56, large effect) in unipolar patients and 220 mm³ (15.5%, 
f = 0.36, medium effect) in bipolar patients were observed post mortem (Bielau et al., 2005). The 
absolute numbers correspond to a volume difference of 130, resp. 220 voxel of 1x1x1 mm³ as 
commonly used for 1.5 and 3 Tesla scanners, or 1040, resp. 1760 voxel with a spatial resolution 
of 0.5 mm³ as achieved by ultra-high field scanners (7 Tesla and higher). However, the actual in 
vivo volume difference might deviate, because of deformation during histological processing of 
the tissue and different delineation criteria. In fact, this difference might increase fourfold. In an 
early post mortem study Stephan, Frahm, and Baron (1981) estimated the hypothalamus to be 
three to four times the size observed by Bielau et al. (2005) and recent MRI studies (e.g. 
Goldstein et al., 2001; Goldstein et al., 2007; Koolschijn, van Haren, & Hulshoff Pol, 2008). 
As noted in the Introduction, interpretation of effect sizes is also problematic. Effect sizes 
estimated post mortem by Bielau et al. (2005) can be used to predict effects for future MRI 
studies only if both methodical approaches are comparably accurate. Indeed, manual 
delineation of the hypothalamus based on structural MRI has been performed with similarly 
good to excellent intra- and interrater reliabilities (Goldstein et al., 2007; Hulshoff Pol et al., 
2006; Koolschijn et al., 2008; Piquet et al., 2011). Consequently, hypothalamic volume decreases 
of approximately d = 0.7 standard deviation in bipolar samples and d = 0.4 standard deviation in 
unipolar samples could be expected in future MRI studies too (values calculated according to 
Bielau et al., 2005). 
We found little information regarding structural changes of hypothalamic nuclei in affective 
disorders. So far, out of nearly 20 nuclei (Brockhaus, 1942; Nieuwenhuys et al., 2008a; Ranson & 
Magoun, 1939) only two nuclei have been investigated and neither the PVN nor the SON reflect 
the overall hypothalamic volume loss. Although a volume increase in CRH expressing subregions 
of the PVN was observed, OXT and AVP subregions appeared unaltered, as did the entire PVN 
stained for Nissl. Only one post mortem study investigated the SON, and indicated an 
enlargement of 0.7 mm³ (28.6%). In view of an overall volume loss of the hypothalamus this 
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singular evidence needs replication. Alas, research on hypothalamic nuclei using MRI is 
complicated. A volume change amounting to little more than one voxel with 0.5 mm edge length 
certainly cannot be statistically verified by assessing overall hypothalamic volume of a more than 
a thousand voxels. In order to investigate individual nuclei using MRI, methods have to be 
established to substructure the hypothalamus. Since it appears as a homogeneous mass with 
standard MRI sequences (Goldstein et al., 2007) manual delineation of nuclei seems not yet 
feasible. Attempts to substructure subcortical grey matter structures based on the directionality 
of water diffusion have brought some early successes, and are discussed below. 
4.2 Unipolar-bipolar dichotomy and structural abnormalities of the hypothalamus 
The interpretation of data reviewed above, in ways of providing a coherent picture of the 
hypothalamus in unipolar and bipolar disorders, is challenging, given the heterogeneity of 
methods, relatively small sample sizes and most importantly, scarcity of data. Of the reports 
available, three studies provided convincing evidence of third ventricle dilation in hypothalamic 
regions in bipolar patients. Three further reports, apparently related to the same post mortem 
patient group, presented a hypothalamic volume decrease in bipolar patients and a trend 
towards a volume decrease in unipolar depressed patients. Considering that statistical power 
was reduced due to the small sample size, these findings suggest volume decreases for both 
patient groups, with stronger changes for bipolar patients. One further study observed a volume 
increase in the SON, a subnucleus of the hypothalamus, in major depressive patients but not in 
bipolar patients.  
If replicable, the latter finding would be in line with an unipolar-bipolar dichotomy as 
suggested by differential structural changes in other limbic subcortical regions (Konarski, 
McIntyre, Kennedy, Rafi-Tari, Soczynska, & Ketter, 2008; Strakowski, Adler, & DelBello, 2002). On 
the other hand, both classes of disorder share the clinical syndrome of major depressive 
episodes, which might be reflected by the hypothalamic volume reductions observed in both 
disorders. Current research considers the hypothalamo-pituitary-adrenal (HPA) system that 
mediates the stress response as one major pathway for depressive symptomatology (for reviews 
see Bao et al., 2008; Drevets, Price, & Furey, 2008; Price et al., 2010). Briefly this theory suggests 
that, in response to a stressor, the PVN of the hypothalamus releases CRH, causing the pituitary 
to release adrenocorticotropin (ACTH) into the blood stream, which in turn triggers the release 
of corticosteroids (e.g. cortisol) from the adrenal cortex. Additionally, AVP released from the 
PVN and the SON potentiates the effect of CRH at the level of the pituitary, whereas the 
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neuropeptide OXT from the PVN has an inhibitory effect. The CRH-expressing neurons of the 
PVN further modulate the effect of CRH by projections to other brain areas that regulate the 
sensitivity of the adrenal cortex to CRH. Finally, cortisol, as well as CRH, AVP, and OXT have 
widespread cognitive and visceral effects that are involved in the stress response and may affect 
appetite, mood, biological rhythms, and stress-related behaviour. Of great importance, cortisol is 
deemed to provide negative feedback to the hypothalamus via multiple brain areas involved in 
cognition, such as the hippocampus, amygdala, and the prefrontal cortex. HPA-axis dysfunction 
is a robust finding for unipolar and bipolar disorder. A recent meta-analysis by Stetler and Miller 
(2011) confirmed several indicators of HPA-axis hyperactivity in unipolar depression, such as 
elevated cortisol levels and disturbed dexamethasone suppression of cortisol release. Depressed 
patients further exhibit increased levels of ACTH, although the pituitary appears to be less 
sensitive to exogenous CRH. Additionally, CRH is elevated or decreased depending on whether it 
is measured in blood or cerebrospinal fluid (CSF). Importantly, blood CRH levels are unlikely to 
reflect hypothalamic CRH, since it is contained by the blood-brain barrier, whereas CRH levels in 
the CSF are likely the sum of several sources, some of them beyond the HPA axis (Stetler et al., 
2011). Other studies suggest adrenal enlargement (Rubin, Phillips, McCracken, & Sadow, 1996), 
enhanced pituitary responsivity to AVP (Dinan, Lavell, Scott, Newell-Price, Medbak, & Grossman, 
1999; Scott & Dinan, 1998), and, more inconsistently, pituitary enlargement (Axelson et al., 
1992; Eker et al., 2008; Krishnan et al., 1991; Sassi et al., 2001; Schwartz et al., 1997; Takahashi 
et al., 2010). In bipolar disorder, similar HPA axis abnormalities can be found, particularly 
increased ACTH levels (Daban, Viety, Mackin, & Young, 2005), hypercortisolism and elevated 
postdexamethasone plasma levels of cortisol (Swaab, 2003). Increased levels of AVP have been 
observed in manic patients (Sørensen, Gjerris, & Hammer, 1985) and Swaab (2003) described 
hypothalamic changes in CRH, AVP and OXT in three patients with a bipolar disorder that were 
similar to those observed in major depression. As in unipolar patient groups, findings of pituitary 
volume changes in groups with bipolar patients are inconclusive (Chen et al., 2004; Cousins et 
al., 2010; MacMaster, Leslie, Rosenberg, & Kusumakar, 2008; Mondelli et al., 2008; Sassi et al., 
2001; Takahashi et al., 2010) and possibly moderated by age, gender and remission state 
(Cousins et al., 2010).  
Summing up, similar hypothalamic volume reductions in unipolar and bipolar disorder would 
be in line with a large number of HPA-axis abnormalities found in both patient groups. Future 
studies with larger samples could elucidate whether volume reductions of the entire 
hypothalamus are also significant in unipolar patients. Nonetheless, structural differences 
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between unipolar and bipolar patient groups might exist regarding hypothalamic nuclei, as 
suggested by an enlargement of the SON observed only in unipolar patients. 
4.3 Recommendations for future investigations 
With the improvement of MRI it is now possible to visualize small, subcortical regions. 
Morphometric investigations of the hypothalamus and the adjacent third ventricle indicate the 
hypothalamus as a promising candidate for neuroimaging studies of affective disorders. 
Structural abnormalities of the hypothalamus may be exploited as a biological marker in 
psychiatric diagnostics that might facilitate separating phenotypes with different pathogenesis, 
predicting individual illness course, and individualizing therapy. Volume changes in the 
hypothalamus have also been found in schizophrenia (Goldstein et al., 2007; Koolschijn, van 
Haren, & Hulshoff Pol, 2008), narcolepsy (Draganski et al., 2002), and behavioural-variant 
frontotemporal dementia (Piquet et al., 2011). Studies comparing these patient groups to 
unipolar or bipolar patients should determine whether structural changes in the hypothalamus 
discriminate between these disorders. Detection of abnormalities specific to either unipolar or 
bipolar patients would meet a great need for the reliable identification of patients at risk for 
manic or hypomanic episodes, before they manifest symptoms and require adjustments to 
medication. The investigation of treatment related structural changes could improve the 
characterization of response and non-response to therapy.  
Research into structural hypothalamic abnormalities should also target their meaning in 
terms of pathogenetic mechanisms. The HPA theory, although regularly invoked in the context of 
hypothalamic abnormalities in mood disorders, specifies no mechanism that would explain 
hypothalamic volume reductions. Moreover, studies of the two nuclei implied as major players 
in the HPA-axis found, that their tissue volume, neuron numbers, and neurochemical activity 
vary seemingly independently in mood disorders. In the PVN increased expression of CRH, AVP, 
and OXT has been shown (Bao, Hestiantoro, Van Someren, Swaab, & Zhou, 2005; Purba et al., 
1996; Raadsheer, 1994; Raadsheer, van Heerikhuize, Lucassen, Hoogendijk, Tilders, & Swaab, 
1995) despite an overall neuron loss, which was not associated with volume changes (Bernstein 
et al., 1998; Manaye et al., 2005). Similarly, AVP secretion was increased in the SON (Meynen, 
Unmehopa, van Heerikhuize, Hofman, Swaab, & Hoogendijk, 2006) but no significant changes in 
the total neuron number were found, contrasting a volume increase (Manaye et al., 2005). 
Beyond the HPA-axis the suprachiasmatic nucleus (SCN) is also implied in affective disorders (Bao 
et al., 2008; Bernstein et al., 2002; Zhou et al., 2001) but no reports on structural abnormalities 
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exist. More mechanistic explanations of macrostructural subcortical changes consider a shift in 
fluid balance, causing increased packing density in regions adjacent to the third ventricle (Bao et 
al., 2008; Fuchs, Czéh, & Flügge, 2004). Alternatively, Hendrie and Pickles (2010) suggested that, 
in depression, a release of toxins into the third ventricle (in analogy to the endogenous analgesia 
response to severe external threats) might insult glial cells. This, in turn, could result in glial size 
reduction and consequently higher packing density. In the context of hippocampal volume 
decreases an increased packing density due to decreased neuropil volume has been proposed 
(Tata & Anderson, 2010). In the light of the serious methodological limitations of the studies 
discussed, we also have to consider confounding or mediating variables, as discussed below.  
Research into the meaning of hypothalamic changes might begin with the question whether 
they are the cause or effect of cognitive, behavioural, and visceral dysregulations in affective 
disorders. Neuroimaging, in contrast to histological techniques, allows longitudinal studies that 
could determine whether structural changes in the hypothalamus are precursory, change 
together with illness progression, and if they resolve in remission. In turn, diffusion MRI (dMRI) 
may open a path into in vivo research of hypothalamic nuclei. DMRI, and in particular diffusion 
tensor imaging (DTI), measures the anisotropy of water diffusion in brain tissue. The principal 
diffusion directions are aligned with the main tissue orientations within a measured voxel. This 
directional information has already been used to map subregions of subcortical grey matter 
areas such as the thalamus (Wiegell, Tuch, Larsson, & Wedeen, 2003) and the amygdala (Solano-
Castiella et al., 2010). Moreover, dMRI may also be employed for connectivity based parcellation 
of brain structures such as the hypothalamus. This method computes the similarity between the 
long range connectivity profile (computed by probabilistic tractography) of different seed points 
covering the region-of-interest and groups together points with similar connectivity. It was 
initially applied to the medial frontal cortex (Johansen-Berg et al., 2004) and later extended to 
other brain areas (e.g. Anwander, Tittgemeyer, von Cramon, Friederici, & Knösche, 2007). 
Finally, dMRI can be employed to model the connectivity of the hypothalamus (Hadjipavlou, 
Dunckley, Behrens, & Tracey, 2006; Lemaire et al., 2011; Sedrak et al., 2008). The application of 
dMRI to the parcellation and connectivity analysis of the hypothalamus might give new insights 
in the connectional architecture of this structure, and help to expand the study of hypothalamic 
involvement in affective disorders. Multimodal studies using MRI and post mortem techniques 
could further elucidate relationships between macrostructural changes, microstructure, 
neurochemistry, and behavioural measures of altered functioning.  
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Future studies must heed some pitfalls when investigating the hypothalamus in vivo. First 
and foremost, MRI studies differ with respect to the delineation criteria of the hypothalamus 
(c.f. Goldstein et al., 2007; Hulshoff Pol et al., 2006; Piquet et al., 2011) and a consensus needs to 
be reached. Borders of the hypothalamus are typically defined with the help of landmarks visible 
in MRI, which leads to three problems. Firstly, macroscopic landmarks and histologically 
determined borders might not coincide (c.f. Amunts et al., 2005). Secondly, if the hypothalamus 
is defined relative to surrounding structures, shrinkage or enlargement might result from 
changed positions or volumes in these structures, rather than from changes of the 
hypothalamus. Thirdly, manual delineation of the hypothalamus on MRI images based on 
greyscale intensities is influenced strongly by the decision criterion (liberal vs. conservative) of 
the delineator. Improvements might be achieved with innovative MRI contrasts (e.g. Helms, 
Draganski, Frackowiak, Ashburner, & Weiskopf, 2009), image processing algorithms like the 
Sobel filter for boundary enhancement (c.f. Buchsbaum et al., 2006) or semi- and fully 
automated segmentation procedures (e.g. Bazin & Pham, 2011). 
Finally, morphometric studies of the hypothalamus need to account for several confounding 
demographic and clinical variables through study design and statistical analysis. Evidence for 
associations with the volume of the hypothalamus or hypothalamic nuclei exists for age (Swaab 
& Fliers, 1985; Jernigan, Trauner, Hesselink, & Trallal, 1991), gender (Goldstein et al., 2001; 
Swaab, Fliers, & Partiman, 1985), and sexual orientation (Swaab & Hofman, 1990). AVP cell 
populations in the SCN and the PVN change size according to time of day or season (Hofman, 
Purba, & Swaab, 1993; Hofman & Swaab, 1993). Among clinical variables, severity of illness, as 
assessed by the number of depressive episodes (rather than illness duration), was associated 
with hypothalamus volume (Bielau et al., 2005). Interestingly, one functional MRI study by Malhi 
and colleagues (2004b) found abnormal hypothalamic activation in the right hypothalamus when 
bipolar patients watched negatively captioned pictures, which was not found in a later study 
with identical design but hypomanic patients (Malhi, Lagopulos, Sachdev, Mitchell, Ivanovski, & 
Parker, 2004a). Comorbidities such as Alzheimer’s disease (Callen, Black, Gao, Caldwell, & Szalai, 
2001; Swaab et al., 1985), frontotemporal dementia (Piquet et al., 2011), schizophrenia (even 
familial schizophrenia, Goldstein et al., 2007), alcohol (Shear, Sullivan, Lane, & Pfefferbaum, 
1996; Sullivan et al., 1999) and anxiety (Goldstein et al., 2007) have also been found to be 
associated with altered hypothalamic volumes. Notably, antipsychotic medication with 
chlorpromazine equivalents was shown to have no influence on hypothalamus volume 
(Goldstein et al., 2007) whereas cross-sex hormone medication did (Hulshoff Pol et al., 2006). 
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Additional factors of potential relevance might be increased regional blood flow in the 
hypothalamus during medication with Fluoxetin (Mayberg et al., 2000) and neurotrophic effects 
of lithium or Valproate (Bowley, Drevets, Öngür, & Price, 2002; Kempton et al., 2008; Manji, 
Moore, & Chen, 2000; Moore, 1992; Moore, Bebchuk, Wilds, Chen, & Manji, 2000).  
In conclusion, post-mortem and in vivo morphometric investigations of the hypothalamus 
and the adjacent third ventricle in affective disorders suggest a volume decrease in the 
hypothalamus and a volume increase in the supraoptic nucleus. While limited by the scarcity of 
post mortem data, we predict similar (medium to large effect sizes) findings for MRI based 
volumetry. If methodological challenges such as consistent delineation procedures are met, 
future studies using MRI will profit from longitudinal study designs, dMRI and multimodal 
approaches. 
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Abstract 
Post mortem studies have shown volume changes of the hypothalamus in psychiatric patients. 
With 7T magnetic resonance imaging this effect can now be investigated in vivo in detail. To 
benefit from the sub-millimeter resolution requires an improved segmentation procedure. The 
traditional anatomical landmarks of the hypothalamus were refined using 7T T1-weighted 
magnetic resonance images. A detailed segmentation algorithm (unilateral hypothalamus) was 
developed for colour-coded, histogram-matched images, and evaluated in a sample of 10 
subjects. Test-retest and inter-rater reliabilities were estimated in terms of intraclass-correlation 
coefficients (ICC) and Dice’s coefficient (DC). The computer-assisted segmentation algorithm 
ensured test-retest reliabilities of ICC ≥ .97 (DC ≥ 96.8) and inter-rater reliabilities of ICC ≥ .94 (DC 
= 95.2). There were no significant volume differences between the segmentation runs, raters, 
and hemispheres. The estimated volumes of the hypothalamus lie within the range of previous 
histological and neuroimaging results. We present a computer-assisted algorithm for the manual 
segmentation of the human hypothalamus using T1-weighted 7T magnetic resonance imaging. 
Providing very high test-retest and inter-rater reliabilities, it outperforms former procedures 
established at 1.5T and 3T magnetic resonance images and thus can serve as a gold standard for 
future automated procedures.  
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1 Introduction 
1.1 Background 
 The hypothalamus is a small grey matter brain region of the diencephalon that surrounds 
the anterior portion of the third ventricle. As a part of the limbic system it connects the cerebral 
cortex with the visceral system and hence is deemed a ‘mediator between the mind and the 
body’–both affected in psychiatric diseases. Structural correlates have been described for 
example with mood disorders (Bielau et al., 2005; Schindler et al., 2012), schizophrenia 
(Goldstein et al., 2007; Tognin et al., 2012), anxiety (Terlevic et al., 2013), borderline personality 
disorder (Kuhlmann, Bertsch, Schmidinger, Thomann, & Herpertz, 2013), narcolepsy (Draganski 
et al., 2002; Kim et al., 2009; Kuhlmann et al., 2013), and frontotemporal dementia (Piguet et al., 
2011). Since the hypothalamic region is less than 4 cm³ in size, and hard to distinguish from its 
surroundings, sub-millimeter magnetic resonance imaging (MRI) is essential for its in vivo 
structural investigation. But to benefit from the improved resolution a high measurement 
accuracy of the volumetric technique is vitally important. To this end, (semi-) automated 
segmentation algorithms might seem preferable, but existing software applications are limited 
to segmenting tissue types or larger brain structures. In case of the hypothalamus the tissue 
segmentation approach is bound to fail at least superiorly and laterally, where the hypothalamic 
grey matter is bordered by non-hypothalamic grey structures (Goldstein et al., 2002). Therefore 
manual segmentation guided by anatomical landmarks is still state-of-the-art for defining the 
human hypothalamus on MR images.  
1.2 Macrostructural boundaries of the hypothalamus in humans 
Disagreement exists regarding the actual size of the hypothalamus in healthy humans. 
Whereas an early and often-cited histological study by Stephan et al. (Stephan, Frahm, & Baron, 
1981) estimated the human hypothalamus to be 3.6 cm³ in volume, recent histological or neuro-
imaging studies reported it to be no more than half this size (Table 1). The variability of the re-
ported volumes might be caused by different methodological approaches. As an exceptional 
example, Stephan and his colleagues projected a sample of Cresyl-violet-stained brain sections 
on photographic paper, which was then cut and weighted. Based on the weight of the photogra-
phic paper representing the structure of interest, the volume was estimated, corrected for tissue 
shrinkage and corrected again for the difference between the individual’s brain weight and the 
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standard brain weight of humans. In contrast, researchers can now interactively delineate brain 
structures on the computer monitor that presents the full head of a living subject in 3D view. 
Given that the used MR sequence is not sensitive to distortions or other imaging artifacts the 
volume can be determined without the need for correction and conversion factors. The de-
lineated volume is directly accessible as the number of marked voxels (volume image elements).  
Another important source of variance can be found in the different definitions of the 
hypothalamic region. In the strict sense, the anterior hypothalamus begins at a coronal plane 
that intersects the foramen of Monro and the middle of the optic chiasm (Nieuwenhuys, Voogd, 
& van Huijzen, 2008). However, since the telencephalic preoptic area is extensively intertwined 
with the diencephalic hypothalamus, both regions are usually treated together. The anterior 
border of the hypothalamus (including the preoptic region) is thus generally considered to be 
the lamina terminalis (Loes, Barloon, Yuh, DeLaPaz, & Sato, 1991; Nieuwenhuys et al., 2008; 
Swaab, 2003) which is barely visible on standard MR images but coincides with the prominent 
anterior commissure. Most imaging studies started the segmentation of the hypothalamus on 
the first slice on which the anterior commissure appears continuous (Callen, Black, Gao, 
Caldwell, & Szalai, 2001; Goldstein et al., 2007; Koolschijn, van Haren, Hulshoff Pol, & Kahn, 
2008; Makris et al., 2013; Terlevic et al., 2013; Tognin et al., 2012). In many brains this should 
also be the ‘first slice on which the optic tract is attached to the brain by two “wisps” of white 
matter’ (Piguet et al., 2011). If the anterior margin is set at the first slice posterior to the 
continuous anterior commissure (Hulshoff Pol et al., 2006; Klomp, Koolschijn, Hulshoff Pol, Kahn, 
& van Haren, 2012; Peper et al., 2010) a substantial portion of the preoptic hypothalamus might 
be excluded (Koutcherov, Paxinos, & Mai, 2007).  
For the sake of repeatability, the posterior end of the hypothalamus was usually set at the 
posterior end of the mamillary bodies (Bielau et al., 2005; Goldstein et al., 2007; Loes et al., 
1991; Peper et al., 2010; Piguet et al., 2011). This definition tolerates a potential loss of the 
posterior tips of the lateral hypothalamic area and posterior hypothalamic area which can 
extend beyond the mamillary bodies (Mai, Paxinos, & Voss, 2008; Nieuwenhuys et al., 2008; 
Riley, 1943). Sometimes, the mamillary region was excluded from the hypothalamus by stopping 
in front of the mamillary bodies, or with the appearance of the fornices (Callen et al., 2001; 
Koolschijn et al., 2008; Terlevic et al., 2013; Tognin et al., 2012).  
Defining the superior boundary of the hypothalamus is challenging because it adjoins the 
ventral thalamus which has similar intensity in T1-weighted images (Baroncini et al., 2012; 
Goldstein et al., 2002). Several imaging studies chose the imaginary line between the anterior 
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and posterior commissures (AC-PC) as the uppermost boundary for the hypothalamus (Hulshoff 
Pol et al., 2006; Klomp et al., 2012; Koolschijn et al., 2008; Lemaire et al., 2011; Loes et al., 1991). 
However, since the superoinferior position of the anterior commissure can vary from brain to 
brain, using the AC-PC throughout the entire hypothalamus risks losing a portion of the 
hypothalamus (Swaab, 2003). Alternatively, the hypothalamic sulcus can serve as major superior 
boundary of the hypothalamus posterior to the anterior commissure (Makris et al., 2013; 
Nieuwenhuys et al., 2008; Piguet et al., 2011; Terlevic et al., 2013). This is a suitable landmark for 
most substructures of the hypothalamus, with the exception of the paraventricular nucleus, 
which can extend beyond this line (Koutcherov, Mai, Ashwell, & Paxinos, 2000; Swaab, 2003). In 
addition, the superior end of the fornix (Callen et al., 2001), the posterior limb of the internal 
capsule, and the mamillothalamic tract (Goldstein et al., 2007; Makris et al., 2013; Tognin et al., 
2012) can be used as landmarks. 
The hypothalamus constitutes the floor of the diencephalon. Anteriorly it rests atop the 
optic chiasm and is then encircled by the posteriorly emerging optic tracts–both reliable 
landmarks in MR images (Baroncini et al., 2012). Immediately posterior to the optic chiasm, the 
hypothalamic tuber cinereum forms the infundibular recess, from which projects the 
hypophyseal stalk that contains the median eminence. Although the infundibular (or arcuate) 
nucleus of the hypothalamus extends into the median eminence (Koutcherov, Mai, Ashwell, & 
Paxinos, 2002; Swaab, 2003), the hypophyseal stalk was generally defined as inferior border of 
the human hypothalamus on MR images (Goldstein et al., 2007; Hulshoff Pol et al., 2006; Klomp 
et al., 2012; Koolschijn et al., 2008; Makris et al., 2013). 
Surrounded anteriorly and inferiorly by the (bilateral) hypothalamus, the third ventricle is 
such a prominent landmark that few segmentation procedures made the effort to define any 
other medial boundary. For unilateral segmentation the interhemispheric fissure can be used to 
separate the right from the left hypothalamus (Goldstein et al., 2007; Makris et al., 2013). 
Due to the lack of distinct boundaries, the lateral edge of the hypothalamus certainly poses 
the greatest challenge for MRI-based segmentation of the hypothalamus. As an approximation a 
straight line can be drawn from the lateral edge of the optic tract to the fornix, to the internal 
capsule, or to the hypothalamic sulcus (Callen et al., 2001; Piguet et al., 2011). This definition 
might suffice for some purposes, but at least in the mamillary region of the hypothalamus the 
lateral edge of the optic tract is a questionable landmark (Mai et al., 2008). An alternative 
approach identifies the internal capsule, “vicinity of the globus pallidus”, and cerebral peduncle 
based on their higher intensities on standard MR images (Baroncini et al., 2012; Makris et al., 
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2013; Miller et al., 1994). Accordingly, a suitable segmentation of the hypothalamus would be 
achieved by defining all low intensity voxels up to the lateral “white matter” as hypothalamic 
(Hulshoff Pol et al., 2006; Klomp et al., 2012; Koolschijn et al., 2008; Peper et al., 2010). From 
this region the low intensity substantia nigra should also be excluded (Goldstein et al., 2007) as 
well as the subthalamic nucleus (Mai et al., 2008; Nieuwenhuys et al., 2008; Turner, 2013). In 
addition, post mortem investigations revealed a diffuse transition area between the preoptic 
hypothalamic region and the brighter internal capsule or dark globus pallidus at its side (Bielau 
et al., 2005; Mai et al., 2008). In this region the lateral hypothalamic area adjoins non-
hypothalamic grey matter structures, for example the substantia innominata (including the basal 
nucleus of Meynert), the great terminal island, and the bed nucleus of the stria terminalis (Mai 
et al., 2008; Nieuwenhuys et al., 2008). Difficult to detect with the naked eye on MR images, this 
transition area should show slightly higher intensities than the hypothalamus, which is caused by 
intermingled white matter fibres such as the diagonal band of Broca, the medial forebrain 
bundle, the sublenticular stria, or the ventral amygdalofugal pathway (Mai et al., 2008). In 
approximation, the lateral edge of the optic tract might be used as a landmark for the lateral 
border of the preoptic hypothalamus (Goldstein et al., 2007; Tognin et al., 2012). 
As reviewed above, several of the macroscopic landmarks used for the MRI-based segmen-
tation of the hypothalamus are arbitrary. With the exception of the procedure described by 
Piquet et al. (2011), they were developed on 1.5T MR images, and many of them prove approxi-
mate when employed on 7T images. Moreover, almost all existing segmentation procedures 
restricted the segmentation to the coronal plane, ignoring vital information that could be gained 
from a triplanar view. To utilise the high resolution of 7T MRI, a refinement of the landmarks and 
segmentation procedure was necessary. In due consideration of the previous works, and with 
reference to the coronal microanatomical atlas from Mai et al. (2008), we have developed a de-
tailed segmentation algorithm for the hypothalamus on 7T MR images. With the help of the tri-
planar myeloarchitectural atlas from Riley (1943), the landmarks were defined not only for the 
coronal view, but also for the sagittal and transverse planes. To optimise reliability and reduce 
working time, the segmentation algorithm was then adapted to MR images in a colour-coded 
format. In terms of reproducibility, benchmarks set previously by histological or neuroimaging 
studies needed to be met (Table 1). For our segmentation procedure to be reproduced by other 
researchers, inter-rater reliability was of particular interest. In the past, schematic approxima-
tions for the superior and lateral hypothalamic boundaries helped to ensure intraclass corre-
lation coefficients (ICC) of up to ICC = .93 (Callen et al., 2001; Koolschijn et al., 2008). More 
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precise segmentation procedures still achieved inter-rater reliabilities of at least ICC = .81 
(Goldstein et al., 2007; Tognin et al., 2012). 
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2 Methods 
2.1 Image acquisition and preprocessing 
Data from 10 subjects (8 female; age 38.5 ± 13.6 years) without history of neurological 
diseases were analysed for the evaluation of the segmentation algorithm. All subjects had given 
written informed consent and the study was approved by the Ethics Committee of the University 
of Leipzig.  
Whole brain T1-weighted images were acquired with a 7T whole-body MR scanner 
(MAGNETOM 7T, Siemens, Erlangen, Germany) and a 24-channel NOVA head coil (Nova Medical, 
Inc., Wilmington MA, USA). A 3D magnetisation-prepared 2 rapid acquisition gradient echoes 
sequence (3D MP2RAGE, Marques et al., 2010) was used with repetition time (TR) = 8250 ms; 
inversion times (TI1/TI2) = 1000/3300 ms; flip angles (FA1/FA2) = 7°/5°; echo time (TE) = 2.51 ms; 
bandwidth (BW) = 240 Hz/Px, 1 average. A field of view (FOV) of 224 x 224 mm²; an imaging 
matrix of 320 x 320; and 240 slices with a thickness of 0.7 mm resulted in a nominal acquisition 
voxel size of 0.7 mm isotropic. By accelerating the acquisition using parallel imaging (GRAPPA, 
Griswold et al., 2002; acceleration factor = 2), a scan time of 18:02 min was achieved.  
The uniform MP2RAGE images, referred to as T1-weighted images in the rest of this text, 
were skull-stripped using Medical Image Processing and Visualization (MIPAV, McAuliffe et al., 
2001) software (version 5.3.4). The images were then co-registered into a coordinate system 
compatible to the atlas by Mai et al. (2008), which differs from Talairach space (1997) with 
respect to the intercommissural line that connects the centres of the anterior and posterior 
commissures. The registered images were then interpolated to an isotropic nominal voxel size of 
0.5 mm using shifted linear interpolation (Blu, Thévenaz, & Unser, 2004). The preprocessed grey-
scale images were cropped to an image matrix of 320 x 400 x 320 voxels covering the full brain. 
The data was stored with 16-bit intensity (I) resolution but only the lower 12 data bit were used.  
For MP2RAGE, image artifacts caused by distortions and point spread function-related 
blurring are expected to be negligible. Furthermore, the use of this particular sequence enables 
the acquisition of uniform T1-weighted images free from bias field effects (Marques et al., 2010) 
which are usually a problem at high field strengths such as 7T. However, strong bias field effects 
depending on shape and size of the subject’s head can still result in local areas with non-perfect 
spin inversion, especially in the temporal lobes. To correct for the resulting differences in image 
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brightness the intensity histograms of the 10 datasets were matched to another dataset using 
MIPAV. The reference dataset was not included in the volumetric analysis. 
2.2 Computer-assisted segmentation of the hypothalamus on 7T MR images 
The hypothalamus segmentation was performed on 22” computer screens using the 
freeware software application ITK-SNAP (Yushkevich et al., 2006) version 2.1.4-rc1 for interactive 
masking in triplanar view.  
The hypothalamic landmarks previously established on 1.5T and 3T MR images were refined 
with reference to the post mortem single brain atlases by Mai et al. (2008) and Riley (1943). 
Based on the new landmarks, a detailed algorithm for the computer-assisted manual 
segmentation of the hypothalamus on high-resolution T1-weighted 7T images was developed 
(Document S1, Figure 1). In short, the hypothalamus was segmented unilaterally in triplanar 
view with the help of macroanatomical landmarks and a colour-coding scheme that visually 
enhanced the borders between hypothalamic and non-hypothalamic structures (Figure 2). The 
region of interest (ROI) included the preoptic area, the column of the fornix posterior to the 
preoptic area, and the mamillary body. The optic tract, the mamillary fasciculus (bifurcating into 
mamillo-thalamic and mamillo-tegmental tract), the subthalamic nucleus, and the diffuse 
transition area lateral to the preoptic area, as described above, were excluded.  
The segmentation algorithm was fully standardised. It defined the sequence of working 
steps and, in case of potentially conflicting landmarks, their hierarchical order–designated 
according to their anatomical validity. As a first step, the hypothalamus was divided into four 
anteroposterior compartments (preoptic, anterior, tuberal, posterior) in accordance with 
Goldstein et al. (2007). This was done on the greyscale images which had a fixed scale ranging 
from I = 0 (black) to I = 4000 (white, Figure 3). Secondly, the hypothalamus was delineated slice 
by slice in coronal plane following compartment-specific landmarks (Document S1; Figure 1, A-
D). In a third step, the greyscale images were colour-coded by piecewise linear mapping from the 
greyscale intensity values in the range [0,4000] to the RGB colour space (3 x 8-bit). The colour 
red (255 : 0 : 0) was assigned to the intensity I = 0, white (255 : 255 : 255) to I = 2200, and blue (0 
: 0 : 255) to I = 4000, as shown in Figure 3. The boundary voxels defined in the second step on 
the greyscale images could now be easily verified as indeed belonging to the hypothalamus 
(coded red or white) or to surrounding structures (coded blue), (Figure 1, E-L). The only 
structures coded blue to be included in the hypothalamus segmentation were the fornix and the 
pallidohypothalamic fibres running through the hypothalamus, and the mamillary body. The 
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verification using the colour code was done in triplanar view to prevent implausible changes in 
the other canonical planes. It started (slice by slice) with the coronal plane, continued (slice by 
slice) with the transverse plane, and finished (slice by slice) with the sagittal plane. For the 
verification in the coronal plane the division of the hypothalamus into four anteroposterior 
compartments (and their respective landmarks) was kept. For the inspection in the transverse 
plane, the hypothalamus had to be subdivided further into three transverse levels, each 
corresponding to a distinct set of landmarks. Additional partitioning into mediolateral 
compartments was not needed because the sagittal landmarks were adequate throughout the 
entire mediolateral extent of the hypothalamus. The segmentation was completed after a 
process of re-checking. 
Some anatomical terms of the segmentation algorithm (Document S1) may require 
explanation. First, in line with Mai et al. (2008) and Nieuwenhuys et al. (2008), the white matter 
lateral to the preoptic hypothalamus was identified as the diagonal band of Broca which merged 
superiorly with the medial forebrain bundle. The diagonal band was visible as a bright fibre 
bundle even with 1.5T MRI (Baroncini et al., 2012). In contrast, Riley (1943) observed the 
diagonal band (or “fasciculus olfactorius”) essentially anterior to the anterior commissure. He 
labelled the lateral vicinity of the preoptic hypothalamus “area olfactoria” which contained 
portions of the stria terminalis (“stria semicircularis”) and the “stria medullaris thalami”. Second, 
the stria medullaris of thalamus was observed by Mai et al. (2008) only near the interventricular 
foramen, but in accordance to Riley (1943) we identified it as an important lateral boundary of 
the hypothalamus in transverse view. Finally, the inferior thalamic peduncle of Mai et al. (2008) 
corresponds to the pedunculus ventralis thalami of Riley (1943).  
After a short training period, two investigators traced the left and the right hypothalamus of 
the 10 subjects in independent segmentation runs. The segmentation runs were repeated by 
both raters after approximately two weeks. 
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Figure 1 T1-weighted images with the hypothalamus masked unilaterally and 
corresponding anatomical landmarks. Coronal view (A-H, orientation identical to A), transverse view 
(I-K, orientation identical to I), and sagittal view (L). The yellow vertical lines in A, E, and I represent 
the midline of the brain. The left side of the images correspond to the right side of the brain. 3V: 
third ventricle, A: anterior, AC: anterior commissure, AC-PC (dotted line): imaginary line between 
anterior and posterior commissures, AL: ansa lenticularis, CP: cerebral peduncle, DB: diagonal band 
of Broca, Fx: column of the fornix, H2: lenticular fasciculus (field H2), HS (dotted line): hypothalamic 
sulcus, I: inferior, IC: internal capsule; IC* (dotted line): medial pole of internal capsule, IGP: internal 
globus pallidus, InfS (dotted line): junction with infundibular stalk, Ithp: inferior thalamic peduncle, 
IVF: interventricular foramen, L: lateral, LT: lamina terminalis, M: medial, MB: mamillary body, MF: 
mamillary fasciculus, Mt: mamillo-thalamic tract, Mtg: mamillo-tegmental tract, OC: optic chiasma, 
OlfA: olfactory area, ON: optic nerve, OT: optic tract, OT* (dotted line): vertical line through lateral 
edge of optic tract, P: posterior, S: sagittal, SMT: stria medullaris of thalamus, SN: substantia nigra, 
STN: subthalamic nucleus, T: Thalamus, ZI: zona incerta. The snapshots were taken with ITK-SNAP 
(Yushkevich et al., 2006). 
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Figure 2 Triplanar view of the segmented left and right hypothalamus in colour-coded 
images. Coronal plane (top left), sagittal plane (top right), and transverse plane (bottom left) (cf. 
dotted lines in other planes). A 3D-reconstruction of the hypothalamus mask (both hemispheres, left 
anterolateral view) is shown in the lower right image. The left side of the images correspond to the 
right side of the brain. The crosshairs indicate the intersecting planes of the 3D-image. The snapshots 
were taken with ITK-SNAP (Yushkevich et al., 2006). 
 
 
 
68 Segmentierungsalgorithmus 
 
 
 
 
Figure 3 Schematic representation of the colour-coding procedure. The colour-coding of 
the preprocessed greyscale images (cf. histogram) was done by piecewise linear mapping from the 
input intensity (I) values in the range [0,4000] to the red-green-blue (RGB) colour space (3 x 8-bit). 
The colour red (255 : 0 : 0) was assigned to the intensity I = 0, white (255 : 255 : 255) to I = 2200, and 
blue (0 : 0 : 255) to I = 4000. The snapshots were taken with ITK-SNAP (Yushkevich et al., 2006). 
 
 
2.3 Statistics 
Test-retest reliability of the computer-assisted segmentation algorithm was estimated in 
terms of ICC (model 1, 1 of Shrout and Fleiss, 1979) and the mean Dice’s coefficient (Dice, 1945). 
When multiplied by 100, Dice`s coefficient represents the percentage of voxels overlapping in 
two images (percental voxel overlap), relative to the average number of voxels in the two 
images. The segmentation repetitions of each rater were tested for mean differences using 
paired t-tests (p < .05 was considered significant). 
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Inter-rater reliability was calculated using ICC model 3, 1 (Shrout & Fleiss, 1979) and the 
mean Dice’s coefficient. The volumes of the first segmentation runs of each rater were tested for 
mean differences between the two investigators and hemispheres using paired t-tests.  
Normality of the morphometric data and the pair-differences were tested using the Kolmo-
gorov-Smirnov test. The mean volume (mm³) of the left, right, and bilateral hypothalamus of the 
10 subjects was calculated based on the voxels marked by rater 1 in the first segmentation run. 
4 Results 
The tracing procedure took approximately 3 hours per ROI. The volumes and pair-
differences between segmentation runs, hemispheres, and raters were normally distributed.  
The test-retest reliabilities were high, with ICC1, 1 = .97 and higher. There were no significant 
mean differences between the segmentation repetitions of the investigators. The mean voxel 
overlap between the first and the second segmentation run was at least 96.8% for both 
investigators.  
The inter-rater reliabilities were also high, with at least ICC3, 1 = .94. Of all voxels masked by 
one investigator during the first segmentation run, 95.2% were also segmented by the other 
rater (Table 2). Analyses of the first segmentation runs of the two investigators revealed no 
significant mean differences between two raters or hemispheres. 
 
Table 2 
Reliability of the computer-assisted segmentation. 
 N = 10 Left hypothalamus Right hypothalamus 
Test-retest reliability 
 ICC1, 1 ≥ .98 ≥ .97 
 Dice’s coefficient ≥ 96.8 ≥ 97.3 
Inter-rater reliability* 
 ICC3, 1 .94 .97 
 Dice’s coefficient 95.2 95.2 
Comments.  ICC: intraclass correlation coefficient. * The first runs were assessed.  
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Based on the voxels masked by the first rater during the first segmentation run, the mean 
volumes (± SD) of the hypothalamus were: Left: 554.56 mm³ (± 50.47 mm³), right: 576.08 mm³ (± 
59.44 mm³), and bilateral: 1130.64 mm³ (± 103.48 mm³). In the female subgroup the volumes 
were: Left: 536.39 mm³ (± 37.16 mm³), right: 556.30 mm³ (± 46.96 mm³), and bilateral 
hypothalamus: 1092.69 mm³ (± 74.06 mm³). 
5 Discussion 
 We developed the first reproducible method for the volumetric measurement of the human 
hypothalamus with 7T MR images. Due to sub-millimeter resolution, we were able to refine the 
anatomical landmarks that have so far guided the segmentation of the hypothalamic region on 
MR images. Developed for a triplanar view, the segmentation algorithm exploits all structural 
data visible on the images. In addition, a colour-coded mode facilitates the identification of low-
contrast boundaries between the anatomical landmarks and the hypothalamus. By adhering to 
the computer-assisted segmentation algorithm, high degrees of test-retest and inter-rater 
reliability were achieved. In fact, with nominal values of inter-rater reliability of ICC3, 1 ≥ .94 our 
segmentation algorithm outperforms existing methods established for 1.5T or 3T MRI.  
 Given the high variability of hypothalamus volumes reported in previous studies, it was 
expected that the volumes obtained by our method (approx. 1.1 cm³, bilateral hypothalamus) 
would lie within the range of previous estimations (approx. 0.6-3.6 cm³, see Table 1). More 
precisely, the volumes estimated in this study are larger than the numbers reported by 
histological and neuroimaging studies that employed schematic approximations (Callen et al., 
2001; Hulshoff Pol et al., 2006; Klomp et al., 2012; Koolschijn et al., 2008; Peper et al., 2010; 
Piguet et al., 2011). This is to be expected, since these boundaries (e.g. AC-PC as superior border) 
are usually too conservative, as discussed above. In addition, most of these studies excluded the 
fornices running through the hypothalamus and the mamillary bodies. Compared with studies 
that segmented the hypothalamus without the help of approximations, our volume estimations 
lie between neuroimaging results (approx. 0.7-0.9 cm³ (Goldstein et al., 2007; Makris et al., 
2013; Terlevic et al., 2013; Tognin et al., 2012) and histological measurements (approx. 1.3-1.5 
cm³, Bielau et al., 2005; Bogerts, 2009). Possible reasons for our conservative estimations 
compared to the volumes derived by post mortem histology (Bielau et al., 2005; Bogerts, 2009) 
might be found in the different methodical approaches. Whereas the post mortem 
measurements were based on Nissl-myelin staining, we used T1-weighted MR imaging, which is 
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sensitive to a larger number of tissue properties like myelinisation, water content, and iron 
concentration. In addition, the post mortem volumes were corrected by the estimated shrinkage 
factor, which might have lead to overestimation of the actual hypothalamus volume. A more 
conservative definition of the hypothalamic region, used in our study, could also have 
contributed to the volume differences. We excluded the diffuse transition area lateral to the 
preoptic hypothalamus and the subthalamic nucleus to prevent our volume estimations to be 
affected by potentially non-hypothalamic structures. 
 A few important limitations of the computer-assisted segmentation algorithm must be 
considered. First, based on in vivo MRI data, our method cannot assess the microstructural (e.g. 
histological) validity of landmarks. A validation of our segmentation algorithm in post-mortem 
brains is therefore a mandatory task for the future. Histology is usually considered the gold 
standard for validation of borders between brain regions. But, as illustrated by the massive 
discrepancy between the early volume estimations by Stephan et al. (Stephan et al., 1981) and 
recent studies, histology is also limited (Dorph-Petersen, Nyengaard, & Gundersen, 2001). A 
comparison between a post mortem scan of the brain in situ, a second scan after fixation of the 
brain ex situ, and finally the histological analysis of the same brain might overcome these 
difficulties and provide new insights.  
 Second, histogram matching to an external reference was performed to eliminate 
differences in image brightness. As we used normalised images, such differences were minimal, 
mainly due to non-perfect spin inversion in areas with strong bias field. When adapting this 
protocol to other MRI data sets, a similar normalisation procedure and/or adaptation of the 
colour values of the voxels may become necessary. 
 Finally, the segmentation algorithm was developed for 7T MR images which facilitated the 
identification of anatomical boundaries. We expect that the algorithm performs similarly well on 
MR images with similar resolution acquired with lower field strength, but this remains to be 
proven in future studies. 
 Taken together, we present a computer-assisted algorithm for the manual segmentation of 
the human hypothalamus using T1-weighted images acquired at 7T. The hypothalamus is 
segmented separately for each hemisphere in triplanar view with the help of macroanatomical 
landmarks and colour coding that enhances the visibility of hypothalamic borders. With very 
high test-retest and inter-rater reliabilities, it outperforms earlier procedures developed for 1.5T 
and 3T MR images. This warrants that it can serve as a gold standard for the development and 
validation of future automated segmentation procedures. The estimated volumes lie within the 
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range of previous measurements ex vivo (i.e., histology) and in vivo (i.e., neuroimaging). The 
reduction of the measurement error promises an improved exploitation of the high resolution of 
7T MRI for hypothalamus volumetry. Our detailed segmentation procedure provides a good 
basis for landmark-based (Lemaire et al., 2011) or diffusion MRI-based (Schönknecht et al., 2013) 
methods that map subdivisions of the hypothalamus in vivo. Once applied in larger samples of 
neuropsychiatric patients, high-resolution volumetry of the hypothalamus will improve our 
understanding of the pathogenesis of psychiatric disorders.  
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Abstract 
The high spatial resolution of 7T MRI enables us to identify subtle volume changes in brain 
structures, providing potential biomarkers of mental disorders. Most volumetric approaches 
require that similar intensity values represent similar tissue types across different persons. By 
applying colour-coding to T1-weighted MP2RAGE images, we found that the high measurement 
accuracy achieved by high-resolution imaging may be compromised by inter-individual variations 
in the image intensity. To address this issue, we analysed the performance of five intensity 
standardisation techniques in high-resolution T1-weighted MP2RAGE images. Twenty images 
with extreme intensities in the GM and WM were standardised to a representative reference 
image. We performed a multi-level evaluation with a focus on the hypothalamic region–
analysing the intensity histograms as well as the actual MR images, and requiring that the 
correlation between the whole-brain tissue volumes and subject age be preserved during 
standardisation. The results were compared with T1 maps. Linear standardisation using 
subcortical ROIs of GM and WM provided good results for all evaluation criteria: it improved the 
histogram alignment within the ROIs and the average image intensity within the ROIs and the 
whole-brain GM and WM areas. This method reduced the inter-individual intensity variation of 
the hypothalamic boundary by more than half, outperforming all other methods, and kept the 
original correlation between the GM volume and subject age intact. Mixed results were obtained 
for the other four methods, which sometimes came at the expense of unwarranted changes in 
the age-related pattern of the GM volume. The mapping of the T1 relaxation time with the 
MP2RAGE sequence is advertised as being especially robust to bias field inhomogeneity. We 
found little evidence that substantiated the T1 map’s theoretical superiority over the T1-
weighted images regarding the inter-individual image intensity homogeneity. 
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1 Introduction 
1.1 Background 
Dr David Kupfer, leading the revision of the world-wide used diagnostic system for mental 
diseases DSM IV (American Psychiatric Association [APA], 1994), diagnosed “a failure of our 
neuroscience and biology to give us the level of diagnostic criteria, a level of sensitivity and 
specificity that we would be able to introduce into the diagnostic manual” (Belluck & Carey, 
2013 May 6). The call for biological markers to replace self-report and exploration could hardly 
be made clearer. To this end, sub-millimetre resolution achieved by 7T magnetic resonance 
imaging (MRI) holds great potential because it opens the window to small volumes in candidate 
brain structures of psychiatric patients in vivo. To actually benefit from the high resolution of 7T 
MRI, post-processing and subsequent analysis need to be equally precise. In this context we 
previously established colour-coding as an important tool to ensure high reliability and 
reasonable time costs of computer-assisted segmentations of the hypothalamus on 7T T1-
weighted MR images (Schindler et al., 2013). The hypothalamus is not only a relevant brain 
region in various psychiatric disorders (e.g. anxiety, depression, schizophrenia, and paedophilia) 
but it is also involved in neurodegenerative disorders (e.g. Huntington’s disease, Wernicke’s 
encephalopathy) and other conditions like obesity, narcolepsy, and migraine (Swaab, 2004). An 
adequate colour-coding enhances the visual contrast of its anatomical boundaries and helps the 
human eye to distinguish between relevant and non-relevant details. Like many methods 
analysing image intensities, however, colour-coding requires similar tissues to be displayed with 
similar intensities throughout one image and across different images. A number of factors can 
corrupt the image intensity causing intrascan intensity variation or interscan intensity variation 
(Christensen, 2003; Leung et al., 2010). Most intrascan signal variations can be prevented by 
using modern MRI hardware and optimal acquisition parameters, but, at higher field strengths, 
increased bias field artefacts have to be addressed. There are a number of established post-
processing algorithms for bias field correction (for reviews, see e.g. Hou, 2006; Vovk, Pernus, & 
Likar, 2007). Alternatively, the magnetisation-prepared 2 rapid acquisition gradient echoes 
sequence (MP2RAGE, Marques et al., 2010) provides bias-field corrected images at high field 
strengths. Nonetheless, residual interscan intensity variation in the T1-weighted images of the 
MP2RAGE exists, as we will demonstrate by colour-coding. To correct such differences and 
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thereby reduce erroneous variance in the resulting segmentation, the unique intensity scale of 
each image needs to be standardised. 
1.2 Related Intensity Standardisation Techniques 
1.2.1 Transformation functions 
 The basic principle of intensity standardisation is to replace the intensity values of a target 
image (input intensity) with new intensity values (output intensity) that are assigned by a 
transformation function. A model of the intensity relationship between the target and the 
reference image yields this transformation function. The simplest reasonable transformation 
would be to introduce an offset value (e.g. the mean intensity difference between both images) 
that corrects over- or underexposure of the entire target image. When the strength of over- or 
underexposure scales systematically with higher intensities, a linear model will give a more 
accurate description of the relationship between target and reference image intensities 
(Christensen, 2003; Leung et al., 2010; Wang, Lai, Barker, Miller, & Tofts, 1998). If there is cause 
to assume tissue-specific over- or underexposure (Meier & Guttmann, 2003), we can introduce 
break points at certain intensity levels (e.g. at tissue boundaries) and use a piecewise linear 
transformation function (Cataldo et al., 2013; Nyul & Udupa, 1999; Nyul, Udupa, & Zhang, 2000; 
Robitaille, Mouiha, Crépeault, Valdivia, & Duchesne, 2012). To correct more complex intensity 
patterns, non-linear models are required. This usually involves higher computational complexity 
and requires prior theoretical assumptions (e.g. the order of a fitted polynomial, Hellier, 2003), 
or additional information like multi-modal (Jäger, Deuerling-Zheng, Frericks, Wacker, & 
Hornegger; Jäger & Hornegger, 2009; Jäger, Nyúl, Frericks, Wacker, & Hornegger, 2008) or 
longitudinal (Bosc et al., 2003) scan data. 
1.2.2 Information input–Intensity domain 
 The transformation function is modelled by relating the target image intensities to those of 
the reference image. Either the image intensity information is evaluated alone, or in combina-
tion with the images’ spatial information.  Reducing the two images to their intensity infor-
mation, namely, intensity histograms, which are then aligned, is generally called histogram mat-
ching. Replicating our systematisation above, we could simply start by correcting a global shift 
between the two histograms. By assigning, for example, the mean intensity of the reference 
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histogram 𝐼𝑅 to the mean intensity of the target histogram 𝐼𝑇, and assuming 𝐼𝑇 = 𝐼𝑅 + 𝑛, we 
can estimate the offset value 𝑛 by which the target image is over- or underexposed compared 
with the reference image. With two or more definite assignments we can estimate a linear 
model with the scaling factor 𝑚 by which the target histogram is stretched or compressed as 
compared with the reference histogram: 𝐼𝑇 = 𝐼𝑅 · 𝑚 + 𝑛. Christensen (2003) achieved repro-
ducible corrections for T1-, T2-, and density-weighted images using the origin of the coordinate 
system as the first assignment (i.e. assuming a negligible offset value 𝑛 = 0) and the white 
matter (WM) mode as the second assignment. Alternatively, the scaling factor can be estimated 
by minimising the squared differences between the two histograms (Wang et al., 1998).  
 For tissue-specific corrections, three or more assignments can be used to divide the 
intensity range into compartments with separate linear scaling factors for each intensity 
compartment, resulting in a piecewise linear transformation function: Nyúl and Udupa (1999) 
initially matched the histograms’ global mode plus low- and high- percentile points. The 
intensities of the histogram modes of the reference image assigned to the intensities of the 
corresponding target histogram modes constitute the anchor points of the transformation 
function. By piecewise linear interpolation between the anchor points, the intensity levels of the 
reference image are assigned to those of the target image. As skull-stripped MP2RAGE images 
are consistently multimodal with distinct peaks corresponding to WM, grey matter (GM), and 
cerebrospinal fluid (CSF), additional percentile anchor points were dispensable in our variant of 
piecewise linear histogram matching (PHM). 
 As stated above, non-linear functions can be developed by introducing additional 
assumptions or information. Hellier (2003) assumed normal distributions for the major tissue 
classes and approximated the image intensity histogram by modelling each tissue class with a 
Gaussian probability density function. A curve was then fitted to the tissue-specific means of the 
target and the reference image by minimising a cost function. Since the crucial assumption 
concerning the order of the fitted polynomial was not specified by the author, we developed an 
alternative, non-linear variant using the histogram modes from the PHM. 
 Comparing several density-, T1-, and T2-weighted sequences, Nyúl and colleagues (2000) 
observed that the global mode of the intensity histogram might correspond to WM in one image 
but to GM in another image. To avoid the resulting tissue mixing, they recommended the sole 
use of histogram percentiles (median, quartiles, and deciles). However, even percentile matching 
has later been reported to mix tissue types in T1-weighted images or relative cerebral blood 
volume maps (Bedekar, Jensen, & Schmainda, 2010; Cataldo et al., 2013). This might be avoided 
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by our third method–an extreme variant that matches all possible percentiles by matching the 
cumulative histogram (CHM). Here, each intensity level is interpreted as a separate 
compartment and is assigned (in this case we could say “replaced by”) the intensity level of the 
reference image with the most similar relative cumulative frequency (Ceritoglu et al., 2010; 
Gonzalez & Woods, 2002; Lim, 1990). The assumption underlying this non-linear standardisation 
is that matched cumulative intensity frequencies correspond to matched image intensities. 
1.2.3 Information input–Intensity and spatial domain 
 Estimating the transformation function using only the intensity histograms assumes that 
images with similar histograms look more alike. If target and reference intensity distributions are 
likely divergent in truth (i.e. different heights and spread of the tissue histogram modes due to 
atrophy, different contrast), they should not be matched without restrictions. Such a restriction 
is spatial correspondence. It can be incorporated in intensity standardisation procedures by 
analysing intensity information tissue-wise or voxelwise.  
 Leung et al. (2010) performed 𝑘-means clustering of T1-weighted images to extract the 
three major tissue types (WM, GM, and CSF) and applied linear regression between the 
corresponding tissue cluster means of the target and reference images to estimate a global 
linear scaling factor. Given our focus on the GM of the hypothalamus and surrounding WM, we 
opted for a linear standardisation using two precise regions of interest (ROIs) instead of tissue 
class maps. Cataldo et al. (2013) argued for an atlas-driven tissue class segmentation prior to 
intensity standardisation. They applied Nyúl and Udupa’s decile variant separately to each tissue 
class to prevent the mixing of the major tissue types. Meier and Guttmann (2003) approximated 
the histograms of automatically segmented tissues by Gaussian distributions. The estimated 
means and standard deviations (SD) of each tissue were then used to correct the brightness 
(matching the mean) and contrast (matching the SD) of each tissue by separate linear scaling 
factors. Put together, the hypothetical transformation function for the entire image would be a 
non-continuous piecewise linear mapping function. Closely related to these approaches is our 
segmentation-based piecewise linear standardisation (SPS). 
 Considerably more complex, but for the sake of completeness to be acknowledged here as 
voxelwise approach, is the matching of joint histograms. Each point in a joint intensity histogram 
represents by its colour or shading the probability of a certain intensity combination for spatially 
corresponding voxels of two images. They can be obtained from images of different subjects, 
modalities (e.g. T1 versus T2), or successive scans and have been successfully applied in 
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conjunction with prior tissue segmentation and non-rigid image registration (Bosc et al., 2003; 
Jäger et al.; Jäger et al., 2008; Jäger & Hornegger, 2009; Robitaille et al., 2012). 
 In sum, as the sources of the interscan intensity variation in our data were unknown, we 
chose to compare very different approaches, ranging from global linear models to piecewise 
linear models, up to non-linear models and T1 mapping, using either intensity information alone 
or incorporating both intensity and spatial information. Methods with reasonable simplicity and 
practicability were preferred.  
2 Methods 
2.1 Image Acquisition and Pre-processing 
 MRI was performed with a 7T whole-body scanner (MAGNETOM 7T, Siemens, Erlangen, 
Germany) and a 24-channel NOVA coil (Nova Medical, Inc., Wilmington MA, USA). A 3D 
MP2RAGE (Marques et al., 2010) was used with repetition time (TR) = 8250 ms; inversion times 
(TI1/TI2) = 1000/3300 ms; flip angles (FA1/FA2) = 7°/5°; echo time (TE) = 2.51 ms; bandwidth 
(BW) = 240 Hz/Px, 1 average. A field of view (FOV) of 224 mm x 224 mm x 168 mm and an 
imaging matrix of 320 x 320 x 240 resulted in a nominal acquisition voxel size of 0.7 mm 
isotropic. Parallel imaging (GRAPPA, Griswold et al., 2002) was used with an acceleration factor 
of 2, achieving a scan time of 18:02 min. The uniform MP2RAGE images, referred to as T1-
weighted images in this text, and the quantitative T1 maps were skull-stripped using Medical 
Image Processing and Visualization (MIPAV) software (version 7.0.1, McAuliffe et al., 2001) with 
the CBS High-Res Brain Processing Tools 3.0 (Bazin et al., 2014).  
2.2 Sample Selection Procedure 
 Data from 84 subjects (51 women; 33 men; mean age ± SD: 39 years ± 13 years) without 
neurological diseases were available. All subjects had given written informed consent and the 
study was approved by the Ethics Committee of the University of Leipzig. The native T1-weighted 
images were segmented into the three major tissue classes (WM, GM, and CSF) with the MIPAV 
module for the Fuzzy And Noise Tolerant Adaptive Segmentation Method (FANTASM, Bazin et 
al., 2007). The resulting hard segmentation map was used to identify GM and WM voxels. The 
median intensities of the GM voxels (sample mean = 1907 ± 76) and the WM voxels (sample 
mean = 3246 ± 58) were estimated, and a reference image was chosen with representative GM 
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and WM median intensities (female, 56 years). 20 images with very dark or bright GM and/or 
WM, that is, with median intensities within the outermost deciles of the sample, were chosen as 
target images. They belonged to 9 women and 11 men with a mean age of 40 years ± 12 years. 
2.3 Intensity Standardisation Procedures 
2.3.1 Piecewise linear histogram matching (PHM) 
 Intensity histograms of skull-stripped MP2RAGE brain images are multimodal, with distinct 
peaks corresponding to the three major tissue types. By estimating local peaks in defined inten-
sity windows, we can ensure correct tissue correspondence for each mode. The following proce-
dure was implemented in MATLAB R2015b (Mathworks, Inc, Natick, MA, USA). It used the packa-
ges SPLINEFIT (Lundgren, 2007) and spec file reader (Jiang, 2004) developed for MATLAB and 
produced accurate mode estimations even with noisy data. First, the intensity histogram of each 
image was smoothed with robust locally weighted regression (robust loess, Hutcheson, 1995) 
using a quadratic fitting model and a of span of 1% of all data points. After parameterisation via 
cubic spline fitting, the intensity values of the second derivative’s zero-crossings were 
determined. The intensity value within the intensity range (1000, 2500) corresponding to the GM 
mode and the intensity range (3000, 3500) corresponding to the WM mode were selected.  
 A transformation function was calculated by piecewise linear interpolation between the 
minimum intensity (IMin = 0), the intensity levels of the GM and WM modes, and the maximum 
intensity (IMax = 4095). The resulting transformation function bends at two anchor points 
corresponding to the intensities of the target and reference histogram modes and linearly 
matches the intensity values in between. 
2.3.2 Non-linear histogram matching (NHM)  
 PHM has the drawback that artificial contrast is introduced at the intensity levels around 
each anchor point of the transformation function, which affects, in our variant, the most fre-
quent intensities in the MR image. To avoid this, we tested a smoothed variant by fitting a non-
linear transformation function to the anchor points. To prevent overshoots and undershoots, the 
two anchor points of the PHM were complemented by two additional points along the coordi-
nate system’s diagonal at intensities 1 and 4094. Using the SPLINEFIT package for MATLAB, a 
cubic spline was fitted to these 4 anchor points plus IMin = 0 and IMax = 4095 and used to remap 
the target image intensities.  
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2.3.3 Cumulative histogram matching (CHM) 
 As explained in the introduction, the matching of histogram percentiles can be carried to 
the extreme by matching the relative cumulative frequencies of the target image and the 
reference image at each single intensity level. Starting with the cumulative histograms of the 
target image and the reference image, a non-linear transformation function is sought with the 
constraint that it is monotonically increasing, thereby conserving the order from black to white 
in the grey scale. This function can be easily obtained by assigning to each intensity level 𝐼𝑇  of 
the target image the intensity level of the reference image 𝐼𝑅  that satisfies the condition that the 
corresponding relative cumulative frequencies 𝑃(𝐼𝑇) and 𝑃(𝐼𝑅) are equal or close to equal (Lim, 
1990). This algorithm is implemented in MIPAV. It initially classifies the data according to 
Izenman (1991), which resulted in fewer than 200 different intensity levels in the corrected 
target images. We refined the classification to 1024 intensity levels. 
2.3.4 ROI-based linear standardisation (RLS) 
 To estimate a simple transformation function that integrates both intensity and spatial 
information, we created individual ROIs for GM and WM (Figure 1) for each image. Then, the 
intensity relationship between target and reference ROIs was approximated with a linear model.  
 In detail, for the GM ROI a mask of the hypothalamus was created manually on the T1-
weighted reference image following established guidelines (Schindler et al., 2013). To create 
comparable target-specific masks, we non-linearly registered this mask onto each native T1-
weighted target image using the symmetric diffeomorphic image registration (SyN, Avants, 
Epstein, Grossman, & Gee, 2008) algorithm from the Advanced Normalization Tools (ANTs, 
Avants et al., 2011) through a plugin for MIPAV. CSF voxels and WM voxels (e.g. fornix, vessels) 
were removed from the masks by using the tissue class maps from the FANTASM segmentation 
that had been performed to select the study sample (see chapter “Sample Selection 
Procedure”). 
 For the WM ROI, a spherical mask with a radius of 2 cm surrounding the hypothalamus but 
excluding the corpus callosum, was defined on the WM tissue map of the T1-weighted reference 
image. This mask was also non-linearly registered onto each target image and corrected for GM 
voxels and CSF voxels as defined by the tissue class maps from the FANTASM segmentation. 
Vessel voxels erroneously included in the reference WM ROI were thus mostly removed in the 
target WM ROIs. The WM ROI is dominated by voxels from the major WM tracts running through 
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the hypothalamus (e.g. fornix, optic tract, and mamillary fasciculus) as well as WM surrounding 
the hypothalamus (e.g. anterior commissure, capsula interna, cerebral peduncle, thalamic WM, 
and high-intensity voxels of the basal ganglia). With the median intensity values of the 
hypothalamic GM ROI and the surrounding WM ROI, a linear transformation function of the form 𝐼𝑇 = 𝐼𝑅 · 𝑚 + 𝑛 was calculated and used to standardise the target images. 
 
 
 
Figure 1 Coronal view of the hypothalamic GM ROI (red) and surrounding WM ROI (light 
blue) used for the RLS.  
 
2.3.5 Segmentation-based piecewise linear standardisation (SPS) 
 To meet the demands of a potential tissue-specific scaling of image intensities we 
developed an intensity standardisation that evaluates both intensity and spatial information. The 
three major tissue classes–obtained from the FANTASM segmentation during sample selection–
were analysed. A comparison of the tissue mean and median values within our sample revealed 
that the mean estimates were more homogeneous (𝑆𝐷GM = 75.9; 𝑆𝐷WM = 58.5; 𝑆𝐷CSF = 130.9) 
than the median estimates (𝑆𝐷GM = 83.5; 𝑆𝐷WM = 68.2; 𝑆𝐷CSF = 188.0). To match the mean 
intensities of each tissue class of the target image to those of the reference image, a continuous 
piecewise linear transformation function was calculated between IMin = 0, the intensity levels of 
the three tissue means, and IMax = 4095. 
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2.3.6 T1 mapping 
 In addition to the five intensity standardisation techniques for T1-weighted images, we 
included the quantitative T1 maps in our comparisons. As an alternative to T1-weighting, which 
reflects a mixture of parameters (T1, proton density, T2*), the MP2RAGE sequence provides 
quantitative measurements of the tissues’ variations in the T1 value. Being a reliable intrinsic 
parameter, its mapping on an absolute scale (time in milliseconds) should be comparable across 
subjects and scanners, that is, quantitative T1 maps should not require intensity standardisation 
and should not be subjected to any kind of correction. However, biological variations due to 
development in general, ageing, or disease (Besson, Best, & Skinner, 1992; Gouw et al., 2008; 
Steen, Ogg, Reddick, & Kingsley, 1997; Yeatman, Wandell, & Mezer, 2014) may pose problems 
for intensity-based analyses analogous to those experienced with T1-weighted images. 
2.4 Evaluation Criteria and Statistical Procedures 
2.4.1 Histogram comparison 
 After intensity standardisation, each target image was segmented into the three major 
tissue types (WM, GM, and CSF) with the FANTASM module in MIPAV (cf. chapter “Sample 
Selection Procedure”). Using the hard segmentation maps to identify GM and WM voxels, 
separate intensity histograms were computed for the whole-brain WM and GM areas of each 
intensity standardised target image. Standard error measures comparing the tissue-specific 
intensity histograms of the target images with that of the reference image would be biased 
against intensity standardisation techniques that produce histograms with empty intensity levels 
or local voxel accumulations at certain intensities. Such a bias is reduced in the cumulative 
probability distribution. The absolute error between the tissue-specific cumulative probability 
distribution of each target image and the reference image of the same contrast (T1-weighted; T1 
map) was determined. The average of the absolute error within the shared intensity range was 
analysed as a global similarity measure between both distributions. In addition, the maximum 
absolute error was determined. Indicative of local histogram differences it can be considered an 
especially strict criterion. Whole-brain measures can easily conceal local intensity variations. For 
a focused evaluation, we repeated this analysis within the target-specific GM ROIs and WM ROIs 
from the RLS. Though few, residual vessel voxels were manually removed from all GM and WM 
ROIs to rule out unwarranted effects due to their high intensities. 
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 The average and maximum absolute errors of the native T1-weighted images were 
compared to those of the standardised T1-weighted images and the T1 maps, respectively, using 
two-tailed Wilcoxon Signed-ranks tests from SPSS statistics 18.0.0 (SPSS Inc. Released 2009. 
PASW Statistics for Windows. Chicago, USA). This test was chosen as a nonparametric alternative 
to the paired t-test to account for not normally distributed data (Shapiro-Wilk test, p > .05) and 
negative correlations between some of the compared data series. Lacking a global hypothesis 
that would be subject to alpha error accumulation, p-values below .05 were considered 
significant. The effect size r was computed from the standard normal deviate Z. In line with 
Cohen’s recommendations (1992), values of r = .10, .30, and .50 were considered “small”, 
“medium”, and “large” effects, respectively. 
2.4.2 Average image intensity 
 Comparing histograms alone can be misleading, because spatial correspondence between 
the image details contributing to the evaluated histogram characteristics cannot be verified. To 
compare the image intensities of the native and standardised images relative to their position in 
space, the target images (native and intensity standardised) were non-linearly registered onto 
the reference image. For this, the registration of the reference image to each target image, 
performed in the context of the RLS was inverted and applied to the target images with nearest 
neighbour interpolation. By this procedure, optimal spatial correspondence between each native 
and intensity standardised target image with the reference image was obtained. Likewise, the 
tissue class maps from the FANTASM segmentation (hard segmentation) of the native and inten-
sity standardised images were co-registered onto the reference image. Then, the average voxel-
wise intensity difference between the reference image and the co-registered target image was 
computed for all voxels defined as WM by the tissue class maps of both the reference and the 
target image. Analogously, we computed the average voxelwise intensity difference for the 
whole-brain GM areas. In addition, we determined the average voxelwise intensity difference for 
the hypothalamic GM ROI and surrounding WM ROI of the reference image from the RLS. Resi-
dual vessel voxels had already been removed from both ROIs during the histogram comparison.
  Again, Wilcoxon Signed-ranks tests (two-tailed) were used to compare the differences of 
the native and intensity standardised T1-weighted images, accounting for not normally 
distributed data and negative correlations between some data series. 
 Voxels in quantitative T1 data sets reflect the tissue-specific longitudinal relaxation time in 
seconds. Small biological differences in T1 appear as low contrast between tissue types. Due to 
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the lower contrast of the T1 maps, their absolute voxelwise intensity differences cannot become 
as large as those of the high-contrast T1-weighted images (whose contrast is related to the 
sequence parameter selection, Marques & Gruetter, 2013). To ensure a correct comparison 
between both MR contrasts, the intensity differences would need to be normalised with an 
estimate of the intensity variation. Observing superiority or inferiority of the T1 maps over the 
T1-weighted images, depending on whether the range or the interquartile range was chosen for 
such a normalisation, we had to exclude the T1 maps from these analyses. 
2.4.3 Local image intensity 
 For a detailed analysis of the image intensities, we examined the intensity of the boundary 
between GM and WM in the region of the hypothalamus. For this, the native and intensity 
standardised images were co-registered into a coordinate system compatible to the atlas by Mai, 
Paxinos, and Voss (2008) using the Leipzig Image Processing and Statistical Inference Algorithms 
(LIPSIA, Lohmann et al., 2001) with shifted linear interpolation (Blu, Thévenaz, & Unser, 2004). 
By piecewise linear mapping from the greyscale intensity range (0, 4000) to the RGB colour 
space (3 x 8-bit), the T1-weighted images were colour-coded using three colours (cf. Schindler et 
al., 2013). Red (255:0:0) was assigned to IMin = 0% of the intensity range, blue (0:0:255) to IMax = 
100%, and the intermediary colour white (255:255:255) was adjustable. With sufficient 
anatomical expertise, the boundary between GM and WM and the corresponding intensity, 
respectively, can be easily identified by manipulating the intermediary colour white until it 
highlights the desired anatomical features. The imaging software ITK-SNAP (Yushkevich et al., 
2006) provides a graphical user interface for this purpose.  
 For the T1-weighted reference image, the boundary between hypothalamic GM and 
surrounding WM was found at 60% of the intensity range. For the reference’s T1 map the 
intensity range had to be adjusted to ensure a correct comparison. A comparable contrast and 
colour allocation was achieved by mapping intensities in the range (950, 3700) with the following 
assignments: blue: IMin = 0%, white: I = 40%, and red: IMax = 100%. With the reference’s intensity 
ranges as default, the rater had to determine the intensity of the boundary between 
hypothalamic GM and surrounding WM for each target image. (After perfect intensity 
standardisation, the boundary would have the same intensity across all target images). An 
experienced rater, who was blind to the intensity standardisation technique, performed two 
estimation runs which were then averaged. The test-retest reliability of this procedure was 
estimated with the intra-class correlation coefficient (ICC). It was very high for all standardisation 
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techniques (ICC > .95). The intensity values of the hypothalamic boundary were normally 
distributed for each standardisation technique, warranting parametric variance comparisons for 
two correlated samples. The Pitman-Morgan test (two-tailed) was chosen to compare the inter-
individual intensity variation of the hypothalamic boundary in the native T1-weighted images 
with the variation in the standardised T1-weighted images and the T1 maps, respectively. 
2.4.4 Maintenance of biological variation 
 When correcting the image intensity, we have to make sure that only erroneous differences 
in the image intensity or T1-shifts are corrected, but volume-related intensity differences are 
maintained. Without external or longitudinal data it is difficult to disentangle these factors. We 
can approach this problem indirectly by proving that during intensity standardisation the 
relevant biological variance in certain volume measurements is preserved.  
 Effects for age have been described for T1 values in WM and GM (Steen et al., 1997; 
Yeatman et al., 2014) as well as for tissue volume estimates (for reviews, see e.g. Fjell & 
Walhovd, 2010; Lockhart & DeCarli, 2014; Silk & Wood, 2011). Given that age patterns exist in 
our volumetric data independently from T1-shifts and measurement errors, they should be 
preserved during intensity standardisation. To test this, the volumes of the whole-brain WM, 
GM, and CSF were calculated using the tissue class maps from the FANTASM segmentation of 
the native and intensity standardised images. The Pearson correlations between the whole-brain 
WM and GM volumes and age of the subjects were determined. Steiger’s equation (1980) for 
the comparison of two dependent correlations was used to test for changes (two-tailed) of the 
correlation estimates following intensity standardisation. The magnitude of a correlation 
difference is given by Cohen’s effect size q; with q = .10, .30, and .50 considered “small”, 
“medium”, and “large” effect sizes, respectively (Cohen, 1992). 
 The T1 maps were of special interest for this evaluation criterion. The quantitative mapping 
of the longitudinal relaxation time with the MP2RAGE sequence is advertised as being free of re-
ception bias field, and, to a large extent, transmit field inhomogeneity (Marques et al., 2010). 
Volumetric estimations based on quantitative T1 maps should therefore be free of technically in-
duced differences in the T1 values. Inter-individual differences should be solely due to actual vo-
lume differences or T1 shifts affecting the volume estimation. Thus, T1 maps provide a validation 
for the correlation between tissue volumes and age within the native T1-weighted images. 
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3 Results 
3.1 Histogram Comparison 
 Both techniques that matched the histogram modes improved the homogeneity of the WM 
histograms at the cost of the homogeneity of the GM histograms: PHM improved the alignment 
of the target distribution with the reference distribution for the whole-brain WM area as 
indicated by significant reductions of the average absolute error and the maximum absolute 
error (large effects; Table 1). In the WM ROI it improved the average absolute error alone 
(medium effect). These improvements were accompanied by medium to strong increases in both 
error measures in the whole-brain GM and in the GM ROI, outlining an overall worsening of the 
GM histogram homogeneity (Table 2). Similarly, NHM significantly improved the histogram 
alignment for the whole-brain WM and the WM ROI but it increased the histogram divergence 
for the whole-brain GM and the GM ROI (medium and large effects).  
 While CHM improved the histogram alignment in the whole-brain analyses RLS showed best 
performance in the ROI analyses. The former significantly reduced both error measures for the 
whole-brain WM and GM areas (large effects) but yielded no significant change at all within the 
ROIs. Conversely, RLS produced large-sized reductions for both error measures within the WM 
ROI and the GM ROI and yielded no improvements of the whole-brain tissue-specific histo-grams 
except for a medium-sized reduction of the maximum absolute error in the WM. SPS reduced 
the average absolute error and the maximum absolute error in both tissue classes, in the whole-
brain analyses (large effects) as well as in the ROI analyses (medium to large effects).  
 The quantitative T1 maps appeared not as homogeneous across subjects as expected. The 
average absolute error between the target T1 map distributions and the reference T1 map 
distribution was significantly smaller than that of the T1-weighted images, both in the whole-
brain WM and in the WM ROI (medium and large effect). The maximum absolute error–an 
indicator for local deviations and thus a stricter criterion–was not reduced though. In addition, in 
all GM histogram comparisons the T1 maps were statistically indistinguishable from the T1-
weighted images. 
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3.2 Average Image Intensity 
 Consistent results were obtained for the whole-brain analyses versus the ROI analyses of 
the average image intensity but, again, a distinction between the two tissue classes GM and WM 
is vital. The voxelwise intensity difference between the T1-weighted reference image and the 
native T1-weighted target images had a sample median (range) of 251.7 (226.2 - 292.9) in the 
whole-brain WM and a median of 259.3 (192.7 - 343.9) in the WM ROI. These differences were 
significantly reduced after intensity standardisation with any of the five methods (Table 3). The 
effect sizes were large except for a medium effect (r = .49) observed after SPS in the WM ROI. 
 In the whole-brain GM the median of the average voxelwise intensity difference was 419.4 
(408.4 - 443.6) and in the GM ROI the median was 440.0 (341.3 - 606.8). Continuing their pattern 
from the histogram comparison, both mode-based histogram matchings (PHM and NHM) increa-
sed the average voxelwise intensity difference in the GM, which became significant in the whole-
brain analysis. CHM did not improve the GM intensities in the whole-brain image or in the ROI. 
In contrast, consistent improvements (medium to large effects) were obtained after RLS and SPS.  
3.3 Local Image Intensity 
 Figure 2 shows the colour-coded images before (column 1) and after intensity 
standardisation (columns 2-6), as well as the T1 maps (column 7). The colour-mappings 
developed for the reference T1-weighted image and the reference T1 map (see methods chapter 
“Local image intensity”) were applied. Intensity differences between the brains are prominent in 
local GM regions (e.g. amygdala and hypothalamus; optimally in red) and also in the overall 
impression, which is dominated by the WM (blue). In the native T1-weighted target images, the 
intensity of the boundary (in % of the intensity range) between hypothalamic GM and 
surrounding WM varied with a SD of 5.3, which corresponds to 211 intensity levels. The variation 
was significantly reduced by PHM (SD = 3.3, t(18) = 3.89, p = .001) and NHM (SD = 2.6, t(18) = 
4.97, p < .001, Figure 3). CHM failed to satisfy this criterion (SD = 4.0, t(18) = 1.55, p = .14). After 
RLS, we observed the smallest inter-individual intensity variation of the hypothalamic boundary 
(SD = 2.5, t(18) = 7.18, p < .001). Considerably weaker changes, although still significant, were 
achieved by SPS (SD = 4.2, t(18) = 3.66, p = .002). Remarkably, the intensity variation of the 
hypothalamic boundary in the T1 maps was found to be of similar magnitude compared to the 
T1-weighted images when the T1 maps were presented with a comparable contrast to the rater 
(SD = 4.9, t(18) = 1.30, p = .22). 
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Figure 2 Inter-individual intensity variation revealed by colour-coding. Coronal view of all 
target images–the two MP2RAGE contrasts (column 1 and 7) and the intensity standardisation results 
(columns 2-6). Compare, e.g. #9 with overexposed GM and WM, and #10 with relatively dark GM and 
WM. CHM cumulative histogram matching, NHM non-linear histogram matching, PHM piecewise 
linear histogram matching, RLS ROI-based linear standardisation, SPS segmentation-based piecewise 
linear standardisation. 
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Figure 3 Inter-individual intensity variation of the hypothalamus boundary. The results of 
the Pitman-Morgan tests comparing the variation of the native T1-weighted images with the 
standardised images and the T1 maps, respectively, are shown. CHM cumulative histogram matching, 
NHM non-linear histogram matching, n.s. not significant, PHM piecewise linear histogram matching, 
RLS ROI-based linear standardisation, SD standard deviation, SPS segmentation-based piecewise 
linear standardisation. 
** p < .01, 
*** p < .001. 
 
 
3.4 Maintenance of Biological Variation 
 Before intensity standardisation there was no significant correlation between the WM 
volume in the native T1-weighted images and subject age, but the GM volume showed a 
medium negative correlation with subject age (r = -.66, p = .001). This correlation was replicated 
by the intensity standardisation techniques and the T1 maps (Figure 4) except for CHM (Z = -
2.17; p = .030) and SPS (Z = -2.60; p = .009). Whereas the latter caused only a small-sized drop of 
this correlation (Cohen’s 𝑞 = .11), CHM introduced severe changes to the volumetric pattern 
(Cohen’s 𝑞 = 0.50, large effect size). Further analysis of this technique suggested that this drastic 
change was a consequence of imposing the reference’s GM/WM volume ratio onto each target 
image.  
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Figure 4 Correlations (r) between subject (#) age and whole-brain GM volumes. CHM (4th 
column from right) drastically reduced the correlation between age and GM volume originally 
observed in the native T1-weighted images (1st column). L linear, NL non-linear, PWL piecewise 
linear, ** p < .01, *** p < .001. 
 
 
4 Interpretation and Conclusions 
 Intensity-based MR image analysis requires that similar image intensity values represent 
similar tissue types across different persons. By applying colour-coding to T1-weighted 
MP2RAGE images, we found that the high measurement accuracy achieved by high-resolution 
imaging might be compromised by inter-individual image intensity variation. Because investi-
gating the source of this variance was beyond the scope of this study, we tested the perfor-
mance of a variety of intensity correction procedures. We included histogram-based techniques 
as well as methods that evaluate both intensity and spatial information. A mapping of the longi-
tudinal relaxation time was included as well, as, in theory, it should be free of artificial intensity 
variation. To test the performance with severe cases, the sample consisted of images with 
extreme intensities in the GM and WM that were matched to a representative reference image.  
 A multi-level evaluation was performed with a focus on the hypothalamic region. We 
assessed the alignment of the cumulative probability distributions under the assumption that 
images with similar intensity histograms look more alike than images with divergent intensity 
histograms. This was done separately for the whole-brain GM and WM areas, as well as for a GM 
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ROI of the hypothalamus and a ROI of WM surrounding the hypothalamus. Additionally, the 
average voxelwise intensity difference between the reference image and the co-registered 
target images was evaluated in the ROIs and the whole-brain tissues. We semi-automatically 
determined the intensity of a selected anatomical detail–the hypothalamic boundary–and 
analysed its variability before versus after intensity standardisation. Finally, we required that the 
original biological information within the native T1-weighted images be preserved during 
intensity standardisation. This was measured by the correlation between whole-brain tissue 
volumes and subject age. Comparable correlations observed in the quantitative values of the T1 
maps confirmed the legitimacy of this demand. 
4.1 Standardisations evaluating intensity domain and spatial domain 
4.1.1 ROI-based linear standardisation 
 A global linear scaling factor estimated from precise subcortical GM and WM ROIs per-
formed best among the tested methods: it improved the histogram alignment within both ROIs 
which was indicated by significantly reduced average absolute errors and maximum absolute 
errors (large effects). The whole-brain histograms of GM and WM tissue areas remained mostly 
untouched, though. Nonetheless, and possibly more important for its applicability, the average 
voxelwise intensity differences between reference image and target images were significantly 
reduced, both in the ROIs and in the whole-brain tissues (large effect sizes). Furthermore, RLS 
reduced (SD = 2.5) the original inter-individual intensity variation (SD = 5.3) of the hypothalamus 
boundary by more than half. This means, after standardisation with RLS, the hypothalamic 
boundary can be detected at the same intensity across different subjects. The increased inter-
individual homogeneity of the intensity of the hypothalamic boundary facilitates the 
development of automated segmentation methods greatly as they can rely more strongly on the 
image intensities. The computationally expensive creation of an atlas (e.g. probability map) is 
unnecessary. Finally, RLS preserved the original biological information within the images, as 
indicated by a stable correlation between the whole-brain GM volume and subject age. 
4.1.2 Segmentation-based piecewise linear standardisation 
 With SPS, we aimed at integrating spatial and intensity information to obtain a tissue-
specific scaling of the image intensities. In the histogram comparisons, we achieved consistent 
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improvements of both error measures for the two whole-brain tissues (large effects) as well as 
for the two ROIs (medium to large effects). These were accompanied by medium- to strong-sized 
improvements of the average image intensity for all four analysed regions. The reductions in the 
intensity variation of the hypothalamic boundary were considerably less pronounced (SD = 4.2) 
than with RLS and they came at the cost of a small-sized, significant reduction of the correlation 
between the whole-brain GM volume and subject age. 
4.2 Standardisation techniques evaluating only the intensity domain 
4.2.1 Piecewise linear histogram matching and non-linear histogram matching 
 MP2RAGE histograms show distinct modes corresponding to the most frequent GM and WM 
intensities. Matching these modes by piecewise linear interpolation (PHM) or with a non-linear 
correction function (NHM) mostly improved the alignment of the whole-brain WM histograms 
and the histograms of the WM ROI. However, for the whole-brain GM and the GM ROI, signifi-
cant, consistent increases of the histogram divergence became evident. We observed the same 
pattern at the analysis level of the actual images. Strong reductions were obtained for the voxel-
wise average intensity differences in the WM while the differences were unchanged or increased 
in the GM. When looking at the agreement of both criteria, we conclude that the GM mode is a 
suboptimal histogram characteristic for T1-weighted MP2RAGE images. This is possibly due to 
the wide spread of the GM histogram mode. Nonetheless, substantial reductions of the intensity 
variation of the hypothalamic boundary were obtained with PHM and NHM (SD = 3.3, SD = 2.6, 
respectively), suggesting that this criterion is related to an effective intensity correction in the 
WM. The original age-related pattern in the whole-brain GM volume was preserved by both 
techniques. 
4.2.2 Cumulative histogram matching 
 CHM provided by the MIPAV software was strong in the histogram comparisons of the 
whole-brain tissues (large effects) but failed to affect the histograms of the subcortical ROIs (p > 
.05). Remarkably unrelated, the algorithm improved the average voxelwise intensity of the WM 
in the whole-brain image as well as in the ROI (large effect sizes), but the GM remained 
unchanged in both analysed regions. The variance reduction of the intensity of the hypothalamic 
boundary (SD = 4.0) did not reach significance level. There is no obvious reason as to why our 
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evaluation criteria diverge after CHM. It might be a side effect of the drastic modifications forced 
onto the images by this method. CHM is closely related to methods that match histogram 
percentiles or the histogram median, respectively. It assumes that, up to a certain intensity level, 
the target image has accumulated the same relative number of voxels as the reference image. 
This is illustrated by the fact that the reference’s GM/WM volume ratio was imposed onto each 
target image. This might be appropriate for selected purposes like matching histological images 
to MR images of the same subject (Ceritoglu et al., 2010), but it certainly is not suited for inter-
subject intensity matching when structural differences are of interest. Our fourth criterion 
substantiates this. The correlation between the whole-brain GM volume and subject age was 
strongly reduced, proving that relevant biological variance was lost. We conclude that CHM, like 
the matching of percentiles, will enforce similarity irrespective of tissue membership.  
4.3 T1 mapping 
 Finally, our comparison included quantitative T1 maps. Reflecting the tissues’ variations in 
the T1 relaxation time, which is a reliable intrinsic parameter, on an absolute scale (time in 
seconds), they should not require intensity standardisation. In the histogram comparisons, only 
the average absolute error substantiated the T1 maps’ theoretical superiority over the T1-
weighted images; and only for the WM (medium to large effects) but not for the GM. The 
maximum absolute error, indicative of local deviations and thus considered a stricter criterion, 
was not reduced in any of the analysed regions. Due to the lower contrast of the T1 maps, a 
conclusive comparison of the voxelwise intensity difference with that of the T1-weighted images 
was not possible. However, when the images were presented with a comparable contrast to the 
rater, the T1 maps evinced nearly the same colour allocation and intensity variation of the 
hypothalamus boundary, respectively (SD = 4.9), as the native T1-weighted images. The 
correlations of the whole-brain GM volumes with subject age were of the same height as those 
of the native T1-weighted images, suggesting that both MRI contrasts provide comparably good 
insights into volumetric patterns of this tissue class. 
 The inter-individual intensity differences of the hypothalamic boundary in the T1 maps were 
unexpected. Their magnitude was large enough to hinder manual segmentation of the 
hypothalamus. The images analysed in this study were acquired in the years 2010 - 2014 
according to Marques et al. (2010). In 2013, Marques and Gruetter reported that transmit field 
(B1+) inhomogeneity correction improves the T1 estimation with the MP2RAGE sequence 
(Marques & Gruetter, 2013). They quantified the error on the T1 estimation for a protocol that is 
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similar to ours regarding flip angles and resolution, that is, sensitivity to B1+ inhomogeneity 
(protocol iia). The estimated error was less than 2.5% for the T1 value of WM (1.2s, van der 
Zwaag, Schäfer, Marques, Turner, & Trampel, 2016) when the B1+ field varies by ± 40%–the 
typical range of B1+ in the human brain at 7T. This corresponds to a maximum error on the T1 
values of WM of approximately 30 ms. It is not possible to estimate the transmit field post hoc. 
Any corrections that we could do now, without knowledge of the exact distribution of the B1+ 
field, would change the T1-values in such a way that they would lose their meaning as a physical 
parameter (longitudinal relaxation time). To answer the question in how far a B1+ correction 
might have helped reducing the intensity variation in the T1 maps, we determined the location 
of the WM peak in the T1 map histograms of our sample. The T1 values of the peaks ranged 
from 1344 to 1499. The difference (155ms) is considerably larger than the B1+-related errors on 
the T1 estimation of WM observed by Marques and Gruetter. B1 inhomogeneity correction 
might have reduced the inter-individual intensity differences observed in the T1 maps of our 
study but a large portion would have remained. 
4.4 Limitations 
 We expect our results to be valid for the following conditions: firstly, the tested intensity 
standardisations followed the assumption that similar intensities represent similar tissue types 
across different images, that is, GM in one brain image should be as bright as GM in another 
brain image. In line with this, intensity variations were removed irrespective of their potential 
sources–be they technical in nature or biological like T1 tissue signal shifts. Secondly, the initial 
intensity differences between the 7T T1-weighted MP2RAGE images were moderate compared 
with standard MR sequences. We mitigated this possible limitation by selecting target images 
with extreme intensities in the GM and WM at the expense of generalisation to random image 
samples. Thirdly, the sequence parameters selected for the MP2RAGE provided optimum 
contrast-to-noise ratio between GM, WM, and CSF. The total acquisition time of 18:02 min was 
rather long for clinical practice and can easily be reduced, however, likely at the expense of CNR, 
SNR, or the field of view (cf. Marques et al., 2010). Moreover, the histograms of the T1-weighted 
images show distinct modes for GM and WM. With other sequences or lower field strengths, 
appropriate adaptations of our standardisation techniques may yield different results. For 
example, piecewise linear matching of histogram modes has been shown to be effective with 
unimodal intensity histograms (Nyul & Udupa, 1999) but failed with our multimodal histograms. 
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Nonetheless, we expect the winning algorithm RLS to be robust with other sequences and field 
strengths if the ROIs are carefully chosen: a strong contrast between them will ensure a reliable 
transformation function, but intensities at the very ends of the intensity spectrum (e.g. CSF and 
vessel voxels) might contain little valid information. Bright WM and dark GM will therefore be 
optimal. Either regions are chosen whose MRI intensities are stable in age and disease, or further 
preprocessing steps ensure that abnormal tissue constitutes only a negligible portion that will 
not affect the median estimates of the ROIs. In the T1-weighted MP2RAGE images, we 
sometimes observed idiopathic hypointensities of the globus pallidum. With the help of the 
FANTASM tissue class maps, they were effectively removed from our WM ROI. Naturally, the 
two ROIs need to be large enough to provide a reliable median intensity estimate each, even 
after coregistration and cleansing. With roughly 2000 voxels our GM ROI should be considered 
the lower limit. 
4.5 Summary 
 RLS showed the best results for standardising intensities in T1-weighted MRI data sets. It 
fulfilled all evaluation criteria except for a weak performance with the whole-brain histograms. 
The algorithm is easily implemented and the ROI definition is facilitated by freely available 
registration and segmentation software. 
Data Availability Statement 
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Abstract 
Objective: The purpose of this study was to determine, in vivo, whether the hypothalamus 
volume is reduced in patients with mood disorders. 
Methods: The cross-sectional study included 20 unmedicated (MDDu) and 20 medicated patients 
with major depressive disorder, 21 patients with bipolar disorder, and 23 controls. Twenty of the 
controls were matched to the MDDu. Seven Tesla, T1-weighted magnetic resonance images 
were acquired and processed using methods specifically developed for high-precision volumetry 
of the hypothalamus. 
Results: An overall group difference was observed for the left hypothalamus volume corrected 
for intracranial volume. Planned contrasts identified that the left hypothalamus was 
approximately 5% larger in each patient group compared with the control group. A paired t-test 
with the 20 matched pairs of MDDu and controls and without correction for covariates 
confirmed the larger left hypothalamus volume in MDDu. 
Conclusions: Contrary to our expectations, the hypothalamus volume was increased in patients 
with uni- and bipolar affective disorders. The effect was left-sided and independent of 
medication status or statistical correction for covariates. Supported by emerging evidence that 
the stress response may be related to structural and functional asymmetry in the brain, our 
finding suggests a crucial role of the hypothalamus in mood disorders.  
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Significant outcomes 
 Based on high-resolution, in vivo magnetic resonance imaging and innovative methods 
for high-precision volumetry, the left hypothalamus volume was found to be about 5% 
larger in patients with major depressive disorder and bipolar disorder compared with 
healthy controls. The volume difference existed independent of medication status and 
statistical correction for intracranial volume. 
 Our in vivo data did not confirm a previous, exploratory, post mortem finding of 
substantially smaller hypothalamus volumes in patients with bipolar disorder or, at a 
trend level in patients with major depression, relative to controls. 
 The left hypothalamus volume, but not the right, correlated significantly with clinical 
measures of disease severity and anxiety. 
 
Limitations 
 The cross sectional design does not warrant inferences about cause and effect of the in 
vivo observed hypothalamus volume difference between patients with mood disorders 
and healthy controls.  
 This study includes no histological validation of the hypothalamus volume estimates.  
 The correlations with clinical variables do not survive correction for multiple 
comparisons. 
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1 Introduction 
1.1 Background 
 The hypothalamic region surrounding the anterior portion of the third ventricle is of utmost 
importance for our physical well-being. Packed together in less than 2 cm³ (Schindler et al., 
2013), up to 17 more or less distinct nuclei and areas, sometimes concertedly or in opposition, 
maintain the balance and rhythm of numerous autonomic, endocrine, and behavioral functions 
(Nieuwenhuys, Voogd, & van Huijzen, 2008). In particular, as head of the hypothalamus-
pituitary-adrenal (HPA) axis, the hypothalamus links the emotional, limbic and cortical centers in 
the brain (e.g. the hippocampus, amygdala, and anterior cingulate cortex - ACC) with the major 
peripheral stress system—the pituitary and adrenal cortex (Fuchs, Czéh, & Flügge, 2004). In 
response to stress the HPA axis is activated and cortisol is released from the adrenal cortex.  
 Cortisol and other HPA axis hormones are abnormally increased in some patients with major 
depressive disorder (MDD) and bipolar disorder (BD) (Belvederi Murri et al., 2016; Herane-Vives 
et al., 2018; Stetler & Miller, 2011). The current understanding is that in these patients with 
MDD the HPA axis is overactive due to inherited (Claes, 2009) or acquired traits (Bennett, 2011). 
Too much cortisol is released during stress, which causes adverse structural changes in brain 
regions that control the HPA axis, ultimately leading to a disinhibition of the HPA axis. 
Furthermore, cortisol and other signaling hormones of the HPA axis can cause symptoms similar 
to those of a MDD (Bao, Hestiantoro, van Someren, Swaab, & Zhou, 2005; Gold, 2015). 
 Three hypothalamic nuclei (the supraoptic, paraventricular, and suprachiasmatic nucleus) 
are known to control the activity of the HPA axis (Bao, Meynen, & Swaab, 2008). For each, an 
increase in neurons that produce HPA axis regulating peptides, or increased gene expression for 
these peptides, has been observed in patients with MDD and in mixed samples with MDD and 
BD (Bao et al., 2005; Meynen et al., 2006; Purba, Hoogendijk, Hofman, & Swaab, 1996; 
Raadsheer et al., 1995; Raadsheer, Hoogendijk, Stam, Tilders, & Swaab, 1994; Zhou et al., 2001). 
These activity increases are supported by neuroimaging studies suggesting that symptom 
remission in MDD is accompanied by reduced blood flow and metabolism in the hypothalamus 
(Mayberg et al., 2002; Mayberg et al., 2005). Increased activity of the amygdala, the pituitary, 
and the adrenal glands has been implicated (Belvederi Murri et al., 2016; Bennett, 2011; Drevets, 
Price, & Furey, 2008) in larger volumes of these structures in MDD and BD (Arnone, McIntosh, 
Ebmeier, Munafò, & Anderson, 2012; Clark, Mackay, & Goodwin, 2014; Hibar et al., 2016; Kahl et 
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al., 2015; Nemeroff et al., 1992; Schmaal et al., 2016). Based on histological measurements, the 
three HPA axis regulating hypothalamic nuclei (Allen, Hines, Shryne, & Gorski, 1989; Bernstein et 
al., 1998; Goudsmit, Hofman, Fliers, & Swaab, 1990; Harding, Ng, Halliday, & Oliver, 1995; 
Manaye et al., 2005; Young & Stanton, 1994) are estimated to account for less than 10% of the 
entire hypothalamus volume (Bielau et al., 2005; Makris et al., 2013; Piguet et al., 2011). If the 
observed activity increases in these nuclei in MDD are accompanied by volume increases, they 
may cause a small volume increase of the entire hypothalamus.  
 However, recent meta-analyses of brain regions involved in the regulation of the HPA axis 
(e.g. the ACC, hippocampus, and thalamus) (Herman et al., 2016) have predominantly found 
reduced volumes in MDD and BD (Arnone et al., 2016; Bora, Fornito, Yücel, & Pantelis, 2012; 
Bora, Harrison, Davey, Yücel, & Pantelis, 2012; Hibar et al., 2016; Schmaal et al., 2016; Schmaal 
et al., 2017; Wise et al., 2017). In line with this, a seminal post mortem study found up to 15.5% 
smaller hypothalamus volumes in BD (large effect size) and, at a trend level in MDD (Bielau et al., 
2005). Such a large volume difference should be replicable in vivo with modern neuroimaging 
techniques. A systematic review of the literature on structural changes of the hypothalamus in 
MDD and BD found no evidence to the contrary (Schindler et al., 2012). The exception was that 
volume reductions were not found by histological studies of the two hypothalamic nuclei studied 
so far (Bernstein et al., 1998; Manaye et al., 2005; Raadsheer et al., 1994). Two further findings 
from recent neuroimaging studies are compatible with hypothalamus volume loss in MDD. After 
electroconvulsive therapy the hypothalamus was found enlarged (Jorgensen et al., 2016), 
although, due to a single-group design, the study cannot be considered definitive evidence of a 
volume reduction at baseline. Also, smaller volumes of the ventral diencephalon, which includes 
the hypothalamus, have been found to potentially share genetic risk factors with recurrent MDD 
(Glahn et al., 2012). In summary, empirical data point to a hypothalamus volume loss in MDD, 
despite increased activity in three hypothalamic nuclei. We predicted reduced hypothalamus 
volumes, in vivo, in patients with MDD with and without psychopharmacological treatment, 
relative to controls, as possibly fewer depressive episodes in patients without medication, and 
therefore possibly smaller changes (Bielau et al., 2005; Höflich, Baldinger, Savli, Lanzenberger, & 
Kasper, 2012), would be compensated by stronger reductions due to the lack of potentially 
neuroprotective medication (Bora, Harrison et al., 2012; Hamilton, Siemer, & Gotlib, 2008).  
 The volume loss of the hypothalamus in BD (Bielau et al., 2005), observed post mortem, is 
supported by neuroimaging findings of a dilated third ventricle adjacent to the hypothalamus 
(Bhadoria et al., 2003; Cousins et al., 2010; Pearlson et al., 1997; Schindler et al., 2012). 
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Interestingly, in BD, HPA axis hyperactivity is associated with manic and mixed states, but not the 
depressive state (Belvederi Murri et al., 2016). A substantially higher number of manic and 
mixed episodes in the patients with BD, compared to depressive episodes in the patients with 
MDD, may explain the numerically larger post mortem volume loss in BD (15.5.%) compared with 
MDD (9.5%) (Bielau et al., 2005). Provided there are similar episode counts in our sample, 
reduced hypothalamus volumes may therefore be expected also for patients living with BD.  
1.2 Aims of the study 
 The purpose of this study was to determine whether a previous post mortem finding of 
reduced hypothalamus volumes in mood disorders is replicable in vivo. Maximum comparability 
with post mortem histology, in terms of resolution and precision, was pursued by using 7 Tesla 
magnetic resonance imaging and image analysis techniques designed for submillimeter 
resolution volumetry of the hypothalamus. Moreover, we wanted to rule out medication effects 
as confounding factor. 
2 Materials and Methods 
2.1 Study design and participants  
 The study design encompassed four groups with 20 subjects each—ensuring sufficient test 
power (1 - β = .80) for large-sized effects with an alpha error rate of 5% in a one-way ANOVA 
with fixed effects and four groups (Cohen, 1992). Psychiatric inpatients and outpatients in a 
depressed mood state, aged 18–65 years, Caucasian, and with no history of substance 
dependence were recruited through the University Hospital Leipzig. One group with MDD was 
medicated (MDDm) at the time of the 7T MRI, as were most of the patients with BD. One group 
with MDD took no psychopharmacological medication during the three months before the 7T 
MRI. For each of these unmedicated patients with MDD (MDDu) a healthy control (C) with 
matching sex, age, and handedness was measured. This was done to reduce error variance 
related to these potential confounders ad hoc, which can be superior to the post hoc statistical 
control of covariates using an ANCOVA. All subjects gave written informed consent. The study 
was approved by the Ethics Committee of the University Leipzig, Germany. 
 From 107 subjects initially included in the study, under supervision of a senior specialist 
psychiatrist, 101 successfully underwent a 3T MRI to exclude neurological diseases, 91 
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completed the Structured Clinical Interview for DSM-IV (SCID) (Wittchen, Wunderlich, 
Gruschwitz, & Zaudig, 1997) to establish axis I lifetime diagnoses, and 87 received a complete 7T 
MRI. Diagnoses were validated after 2–4 years, based on long-term clinical records, which 
required a switch of diagnosis for one patient (female, 20 years) from recurrent MDD to bipolar I 
disorder. This resulted in 84 subjects (20 MDDu, 20 MDDm, 21 BD, and 23 C; Table 1) being 
entered for volumetric analysis. Primary diagnoses (including the type of bipolar disorder), 
comorbidities as assessed with the SCID, and psychopharmacological treatments are provided as 
supplemental information. 
 Disease severity was assessed within two weeks of the 7T MRI (5.8 ± 6.0 days) using the self-
rating Beck Depression Inventory BDI-II (Beck AT, Steer RA, & Brown GK, 1996), the clinical rating 
Bech-Rafaelsen-Melancholia-scale (MES) (Bech & Rafaelsen, 1980), and the structured interview 
SIGH-D17/IDS-C30 (Kobak KA, Williams JBW, & Rush AJ, 2010) for the Hamilton Rating Scale for 
Depression (HRSD) and the Inventory of Depressive Symptomatology (IDS). During the study all 
patients continued their individual therapy plans which included, as required, up to daily 
meetings with the treating physician, individual psychotherapy, group therapy, ergo- and 
physiotherapy, and support from a social worker and a priest. Nine patients reached remission in 
the interval between recruitment and clinical assessment, as defined by a score of under 8 on 
the Hamilton Depression Scale. All other patients reported mild to severe depressive symptoms 
except for two patients who, according to the Young Mania Rating Scale (Young, Biggs, Ziegler, & 
Meyer, 1978), were in a mixed state with minimal or mild manic symptoms (scores < 20 out of a 
possible 60 points). 
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2.2 Image acquisition and preprocessing 
 T1-weighted anatomical images of the brain (0.7 mm resolution) were acquired using a 7T, 
whole-body MR scanner (Siemens MAGNETOM 7T, Erlangen, Germany) and a 24-channel NOVA 
coil (Nova Medical, Inc., Wilmington MA, USA). A 3D magnetization-prepared 2 rapid acquisition 
gradient echoes sequence (MP2RAGE, Marques et al., 2010) with parameters optimized for high 
contrast-to-noise ratio was used: repetition time (TR) = 8.25 s; inversion times (TI1/TI2) = 1 s/3.3 
s; flip angles (α1/α2) = 7˚/5˚; echo time (TE) = 2.51 ms; bandwidth (BW) = 240 Hz/Px, 1 average. 
A field of view (FOV) of 224 mm x 224 mm x 168 mm and an imaging matrix of 320 x 320 x 240 
resulted in a nominal acquisition voxel size of 0.7 mm isotropic. Parallel imaging (Griswold et al., 
2002) with an acceleration factor of 2 was employed, achieving a scan time of 18:02 min. The 
uniform MP2RAGE images were skull-stripped using Medical Image Processing and Visualization 
(MIPAV, McAuliffe et al., 2001) software (version 7.0.1) with the CBS High-Res Brain Processing 
Tools 3.0 (Bazin et al., 2014). The intracranial volume (ICV) was defined as the number of non-
zero voxels after skull-stripping. The images were then intensity standardized as established in 
our previous work (Schindler et al., 2017): Based on automatic tissue segmentation with the 
MIPAV module for Fuzzy And Noise Tolerant Adaptive Segmentation Method (Bazin et al., 2007), 
a sample image with representative whole-brain gray matter (GM) and white matter (WM) me-
dian intensity values was identified (male, 32 years, MDDu, medianGM = 1909, medianWM = 3249). 
The remaining images were matched to this template using a linear intensity correction function 
estimated from subject-specific ROIs within the hypothalamic GM and surrounding WM. All 
images were then aligned to the standard orientation used in our high-resolution segmentation 
algorithm for unilateral hypothalamus segmentation (Schindler et al., 2013), using the LIPSIA 
(Lohmann et al., 2001) software with shifted linear interpolation (Blu, Thévenaz, & Unser, 2004).  
2.3 Hypothalamus segmentation 
 Measurement of the left and right hypothalamus volume was performed in accordance with 
our segmentation algorithm (Schindler et al., 2013). It distinguishes four coronal and three 
transverse subsections of the hypothalamus and lists corresponding anatomical landmarks. A 
rater’s initial task is to mark the hypothalamic GM on the grayscale MR images in coronal view 
guided by the anatomical landmarks presented by the algorithm. The surface area to volume 
ratio is relatively large for small structures like the hypothalamus. As a result, measurement 
precision at the boundaries (i.e. surface) is critical for accurate volume estimation. To improve 
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reliability, the grayscale segmentation is validated in a second step in triplanar view using a 
color-coding which accentuates the intensity values at the boundary between GM 
(hypothalamus) and WM (surrounding tissue).  
 Three trained raters, who were blinded to subject diagnosis, delineated the unilateral 
hypothalamus (Figure 1). To rule out a rater bias in the subsequent hemispheric comparison, the 
images were randomly presented either left-right flipped or unflipped during the segmentation 
such that the raters always worked on the images on the left-hand side of the computer screen. 
Subjects’ images were distributed evenly among the raters by stratified randomization with 
respect to diagnostic group, sex, and age, to rule out a potential rater effect for these variables. 
Inter-rater reliability of the three raters was high, calculated from 20 subjects (10 left and 10 
right hypothalami), with intraclass-correlation ICC(19, 38) = .89. The voxel overlap between each 
pair of raters (Dice’s coefficient) was on average 94.3%. 
 
 
 
Figure 1 Triplanar view of the hypothalamus on high-resolution (0.7 mm) T1-weighted 
images. One sample image is shown in coronal plane (left), sagittal plane (middle), and transverse 
plane (right). The left side of the images corresponds to the right side of the brain. The right 
hypothalamus is masked (orange). The crosshairs indicate the same location in all images.  
 
2.4 Data characteristics and statistical analysis  
 Statistical analyses were carried out using SPSS 18.0.0 (SPSS Inc. Released 2009. PASW 
Statistics for Windows. Chicago, USA). All tests were two-tailed and p-values below 0.05 
considered significant. Normality was tested, and confirmed (p > .05) for hypothalamus volumes 
and ICV, using the Kolmogorov–Smirnov test. No outliers, as defined by the group-wise z-scores 
(|𝑧|≥ 2.58), were detected for the hypothalamus or ICV volumes except for one patient in the 
MDDu group with unusually small left hypothalamus volume (436 mm³, z = -2.58).  
 Given high inter-correlations between the left and the right hypothalamus volumes (r(82) = 
0.84, p < .001), a univariate approach was chosen. We performed one-way ANOVAs for the left 
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and right hypothalamus volumes to test for differences between the four groups. We then 
added ICV, followed by sex, as covariates to the model to reduce unexplained variance. This 
sequence was chosen because the design was not gender-balanced and the covariates were 
related (t(82) = 5.48, p < .001). ANCOVA results for the right hypothalamus, obtained under 
inhomogeneity of variance (Levene Statistic, p > .05), were validated by partialling out the 
covariates and calculating a robust Welch Statistic for the residuals. Significant global 
comparisons were followed by planned contrasts against the control group. We report the effect 
size Glass’s Δ with the SD of the control group as the standardizer, with values of 0.20, 0.50, and 
0.80 representing “small”, “medium”, and “large” effects, respectively.  
 Twenty controls had been matched to the MDDu to reduce unexplained variance ad hoc. 
With the resulting 20 pairs and a dependent samples t-test, we replicated the ANCOVA 
comparison of C vs. MDDu without correcting the hypothalamus volumes for ICV. 
 Correlations with depressive, non-depressive or overall episode counts were calculated 
using Pearson’s r or Spearman’s ρ for not normally distributed data, respectively. For 
correlations with clinical ratings Kendall’s τ was used to allow for non-equidistant ordinal data. 
Correction for multiple testing was performed with a false discovery rate of 5%, which is less 
conservative than Bonferroni correction (Shaffer, 1995). The procedure was used to account for 
the related measures of disease severity employed. 
3 Results 
3.1 Group comparisons  
 We detected no relevant confounders for the group comparison: The groups were well ba-
lanced regarding e.g. age, sex, and ICV (Table 1) and other candidate variables were not signifi-
cantly related with the hypothalamus volumes (Table 2). Univariate ANOVAs assessing the differ-
ence between the four groups, separately for the left and right hypothalamus volumes, were not 
significant. When noise was reduced by correcting for ICV, the group factor reached significance 
for the left hypothalamus (medium effect size, ηp2  = 0.10). The models remained stable after 
adding sex as second covariate. Detailed statistics on all comparisons are presented in Table 3.  
 Planned contrasts for the full model indicated that the left hypothalamus was significantly 
larger in both medicated patient groups (MDDm: t(78) = 2.68, p = .009, ΔC = 0.78; BP: t(78) = 
2.20, p = .031, ΔC = 0.63), as well as in the MDDu (t(78) = 2.03, p = .046, ΔC = 0.59) compared with 
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the control group. On average, the left hypothalamus was larger by 4.9% in the patients com-
pared with the controls, which appeared not to be restricted to a certain region (Figure 2). A 
dependent samples t-test with the 20 matched pairs of MDDu and C confirmed the volume 
difference for left hypothalamus (t(19) = 2.13, p = .046, ΔC = 0.68) and the results for the right 
hypothalamus (t(19) = 1.32, p = .20). Excluding the outlier with abnormally small left hypo-
thalamus volume (MDDu study group) from the full ANCOVA model or the dependent samples t-
test did not change the results for the left hypothalamus (full sample: F(3, 78) = 2.87, p = .042 
and t(19) = 2.13, p = .046; outlier excluded: F(3, 77) = 3.14, p = .030 and t(18) = 2.37, p = .029). 
 
Table 2 
 
Impact of candidate confounding variables on the hypothalamus volume. 
 Hypothalamus volume 
Left Right 
Potential confounders Test statistic p-value Test statistic p-value 
Age ρ82 = -.11  .30 ρ82 = -.07 .52 
Laterality quotienth ρ81 = -.15 .17 ρ81 = -.13 .25 
Sex t82 = 4.56 < .001*** t82 = 4.49  < .001*** 
Intracranial volume r82 = .49 < .001*** r82 = .56 < .001*** 
Body mass index r75 = .06  .63 r75 = .01 .90 
Smoking (pack years) ρ56 = -.01 .96 ρ56 = -.09 .50 
Season at 7T MRI  ρ82 = -.10 .37 ρ82 = -.09 .43 
Intensity correction function 
slope 
r82 = -.33 .002** r82 = -.30  .006** 
Comments. Correlations (Pearson’s r and Spearman’s ρ) and group comparisons (t-test) are 
given with degrees of freedom as subscript.  
** p < .01,  
*** p < .001,  
h as defined by the Edinburgh inventory (Oldfield, 1971). 
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Figure 2 3D reconstruction of the left hypothalamus with volume differences between 
patients and controls. For illustration, all hypothalamus masks were linearly registered to one sample 
mask and probability maps were computed for the patients (n = 61) and the controls (n = 23). The 
hypothalamus surface depicted is the overlap of the average patient hypothalamus (probability map 
at a threshold of 50%) and the average control hypothalamus. The surface coloring indicates the 
absolute difference between the probability maps of the patients and controls. Red represents 
locally larger volumes in patients than in controls and yellow larger volumes in controls. 
 
3.2 Comparative analysis of the left and right hypothalamus  
 In the full sample of patients and controls the left hypothalamus was smaller, at the trend 
level, than the right hypothalamus (t(83) = -1.92, p = .059). The mean difference between the 
hypothalami was, however, comparable across the diagnostic groups (interaction side x group: 
F(3, 80) = 1.22, p = .31). Also, there was no differential influence of ICV or the intensity 
correction function slope on the two hypothalami (interaction side x group x ICV: F(4, 79) = 1.26, 
p = .29; interaction side x group x slope: F(4, 79) = 0.95, p = .44). The largest volume differences 
between the left and right hypothalamus (|𝑧| > 2.63) were found in the MDDu. Excluding these 
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MDDu subjects from the full ANCOVA model had no relevant effect (left: F(3, 78) = 2.87, p = .042 
vs. F(3, 76) = 2.98, p = .037; right: F(3, 78) = 1.10, p = .36 vs. F(3, 76) = 1.09, p = .36). 
3.3 Relationship between hypothalamus volume, clinical characteristics and medication  
 The hypothalamus volumes did not correlate with the duration of illness (years since 1st 
episode), the duration of the current episode (weeks since onset), or the number of depressive, 
non-depressive, or overall illness episodes in the patient groups (all p > .05). In the MDDm, 
however, the left hypothalamus volume correlated significantly with the MES sum-score (τ(20) = 
.40, p = .015) and the sum-score of the IDS-C30 anxiety/arousal items identified by factor analysis 
(τ(20) = .39, p = .019) (Storch, 2017). After correction for the number of correlations computed 
for the two hypothalami with the questionnaire scores (BDI-II, MES, HRSD, IDS, and DS-
anxiety/arousal factor) within and across groups (40 tests) no correlations were significant. 
 The sample was highly heterogeneous with respect to the psychopharmacological treat-
ment within the three months prior to the neuroimaging. To test whether the hypothalamus 
volume was related to the different treatments we grouped the medications according to their 
clinical use. Three homogeneous groups were identified: antidepressant monotherapy (n = 9), 
antidepressants combined with sedative medication (i.e. benzodiazepines, anticonvulsants or 
hypnotics; n = 7), and therapies combining antidepressants with lithium plus atypical neurolep-
tics (n = 7). One-way ANOVAs yielded no effect for the type of medication on the hypothalamus 
volume (left hypothalamus: F(2, 20) = 1.20, p = .32; right hypothalamus: F(2, 20) = 2.08, p = .15). 
4 Discussion  
4.1 General considerations 
 The general validity of our volume estimations is supported by the literature: With a total 
mean of 1164.6 mm³ (SD = 106.5 mm³) our bilateral hypothalamus volume lies between relevant 
neuroimaging and histological estimates (Schindler et al., 2013). The hypothalamus volumes 
correlated with ICV, which was to be expected (Bielau et al., 2005; Ha, Cohen, Tirsi, & Convit, 
2013). Also, sexual dimorphism, with men having larger volumes than women, has repeatedly 
been observed in the past for the hypothalamus (Klomp, Koolschijn, Hulshoff Pol, Kahn, & van 
Haren, 2012; Koolschijn, van Haren, Hulshoff Pol, & Kahn, 2008) and its substructures (Allen et 
al., 1989; Bernstein et al., 2012; Swaab, Chung, Kruijver, Hofman, & Ishunina, 2001). In the 
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medicated depression group (MDDm) the left hypothalamus volume correlated with disease 
severity (MES score) and anxiety/arousal (IDS factor). These associations are in line with reports 
of associations between anxiety and hypothalamus or mamillary body volumes (Goldstein et al., 
2007; Terlevic et al., 2013; Tognin et al., 2012) but they did not survive correction for multiple 
comparisons.  
4.2 Hypothalamus enlargement  
 Contrary to our expectations, we observed larger hypothalamus volumes, in vivo, in MDD 
and BD. The effect was left-sided and independent of ICV and medication status. The previous 
data, which led to our hypothesis of reduced hypothalamus volumes in mood disorders, has 
been very limited, presumably because the hypothalamus is notoriously difficult to distinguish 
from its surroundings with common neuroimaging techniques. Two neuroimaging studies have 
provided circumstantial evidence (Glahn et al., 2012; Jorgensen et al., 2016), due to 
nontransparent region definition and single-group design or a considerably larger region of 
interest and genetic association design, respectively. Furthermore, the post mortem study we 
attempted to replicate was based on sample sizes too small to detect an effect in MDD (Bielau et 
al., 2005). Those findings, however, were in line with a plethora of data in MDD and BD showing 
dysregulation of the HPA axis (Belvederi Murri et al., 2016; Herane-Vives et al., 2018; Stetler 
& Miller, 2011) and reduced volumes in cortico-limbic regions regulating the activity of the HPA 
axis (Arnone et al., 2016; Hibar et al., 2016; Schmaal et al., 2016; Schmaal et al., 2017; Wise et 
al., 2017).  
 Research into the pathophysiological underpinnings of these structural changes in mood 
disorders has centered around hippocampal atrophy, though some recent works also allow for 
potential volume increases in other brain structures like the amygdala (Bennett, 2011; Cacciaglia 
et al., 2017; Vyas, Pillai, & Chattarji, 2004). More specifically, cortical volume reductions are 
currently thought to result from a cortisol-induced loss of synaptic spines and dendrites and 
hence neuropil (Bennett, 2011; Drevets et al., 2008). A potential volume increase in the 
amygdala conversely may reflect the formation of synapses and dendrites following 
glucocorticoid-induced hyperactivity (Bennett, 2011; Cacciaglia et al., 2017). Our observation of 
larger hypothalamus volumes in mood disorders compared with controls may similarly be a 
structural correlate of hypothalamic hyperactivity in terms of HPA axis regulating peptides (Bao 
et al., 2005; Manaye et al., 2005; Meynen et al., 2006; Purba et al., 1996; Raadsheer et al., 1994; 
Raadsheer et al., 1995; Zhou et al., 2001), regional blood flow and glucose metabolism (Mayberg 
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et al., 2002; Mayberg et al., 2005). The observed small correlations of the hypothalamus volume 
with disease severity (MES score) or anxiety/arousal (IDS factor) are in line with this notion but 
require further study.  
 Support for the idea that larger hypothalamus volumes are related to HPA axis 
hyperactivity, comes from a recent mouse study showing that larger hypothalamus volumes are 
associated with stress susceptibility in chronically stressed mice (Anacker et al., 2016). 
Interestingly, this mouse study also found a positive correlation between stress susceptibility 
and anisotropic diffusion in the hypothalamus. According to the authors, this finding may result, 
among other things, from decreased interfering structures like glial cells. This may explain the 
discrepancy between the previous post mortem finding of reduced hypothalamus volumes in 
mood disorders and our in vivo observation of larger hypothalamus volumes in MDD and BD: The 
hypothalamic region seems to be very vulnerable to deformation due to the mechanical forces 
during brain extraction, fixation, and cutting for histological examination (Makris et al., 2013, see 
Figure 5a). Thus, if the larger hypothalamus volumes, we observed in vivo, are accompanied by 
decreased scaffolding by, for example, glial cells, this may well manifest as reduced volumes 
after preparation for microscopy.  
 Moreover, a change in the diffusion properties, if it can be confirmed for the human 
hypothalamus in MDD and BD, may be the missing link to repeatedly observed volume increases 
of the pituitary (Arnone et al., 2012; Clark et al., 2014), the posterior part of which is, in effect, 
an extension of the hypothalamus. The explanation discussed above, concerning alterations in 
the neuropil or glial cells, would not apply in this case, as only the axons of the hypothalamic 
nuclei descend to the pituitary and it has a microstructure very different from brain tissue 
(Lechan & Toni, 2000. PMID: 25905349). A potential shift in fluid balance in the hypothalamus 
and the pituitary should therefore be investigated in the future. We can reasonably reject two 
other explanations for the larger hypothalamus volumes in MDD and BD, relative to controls. 
Adult neurogenesis in the hypothalamus (Lee & Blackshaw, 2012) or disrupted neuronal 
apoptosis during fetal development (Goldstein et al., 2007) would require a correlation between 
neuron numbers and hypothalamus volumes, which does not appear to be the case for 
candidate nuclei (Schindler et al., 2012).  
4.3 Unilateral effect 
 We found no confounders, outliers, or biasing covariate interactions that would explain our 
unilateral finding. Accordingly, type I and type II errors have to be considered. This study was 
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designed so that the risk of overlooking an existing effect is four times higher than observing a 
false positive. Also, given the effect magnitude (about 5% volume increase) as compared with 
our precision (94% mean voxel overlap), it is indeed conceivable that we missed a similar effect 
for the right hypothalamus. Still, there is a 5% chance that the control sample was unusual and 
the patient samples were normal (type I error). This seems, however, increasingly unlikely, when 
we consider that correlations of the hypothalamus volume with clinical variables in medicated 
patients with MDD were also left-sided. Also, although structural data on the hypothalamus is 
rare, there have already been indications for a tendency towards stronger left-sided 
abnormalities in mood disorders (Bernstein et al., 2012; Glahn et al., 2012 - see Figure 1). 
 Against the background of strong connections between the stress response and mood 
disorders, a unilateral volume increase in the hypothalamus may even hold additional 
information. Animal and human data suggest that the two hypothalami asymmetrically regulate 
the HPA axis, the circadian rhythm, the reproductive and immune systems, the thyroid-releasing 
hormone, as well as the satiety state (Kalogeras et al., 1996; Toth et al., 2015)—all functions 
regularly affected in mood disorders. Brain structural correlates of HPA axis activity also show 
left- or rightward dominance, depending on the region. More specifically, structural and lesion 
studies in rodents suggest that the left side of the prefrontal cortex modulates HPA axis activity 
through the right side (Ocklenburg, Korte, Peterburs, Wolf, & Gunturkun, 2016; Sullivan & 
Gratton, 1999) and that the left ACC volume and the right hippocampus volume are more 
vulnerable to excessive glucocorticoid levels (Cerqueira et al., 2005; Zach, Mrzílková, Rezáčová, 
Stuchlík, & Valeš, 2010). In humans also, HPA axis dysregulation has been related to a smaller 
left ACC (MacLullich et al., 2006) and structural asymmetry in the limbic WM (Madsen et al., 
2012). In light of these data, suggesting that the stress response may be associated with 
structural and functional asymmetry in the brain, it seems possible, that specifically a unilateral 
enlargement of the hypothalamus is related to HPA axis activity and depressive 
symptomatology. As small nuclei are responsible for these functions, whereas our volume 
difference appeared to be widespread across the left hypothalamus, more research is clearly 
needed to formulate advanced hypotheses.  
4.4 Strengths and limitations 
 The study has both strengths and limitations. Relative to the post mortem study we 
attempted to replicate (Bielau et al., 2005) we had larger sample sizes, which facilitates the 
statistical detection of existing effects. Measuring a matched control group for each patient 
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group would have been preferable but exceeded our resources. As it is, all volume increases in 
the patient groups are relative to the same control group, which may have been an abnormal 
sample of the general healthy population (type I error).  
 Our study groups were well balanced regarding major confounding variables (age, sex, ICV, 
and handedness) which are therefore unlikely to have mimicked the observed effect for larger 
left hypothalamus volumes in patients with MDD and BD relative to controls. With the MDDu 
study group, we ruled out recent antidepressant medication as a confounding factor, as results 
did not differ from the medicated patients, but long-term effects caused by potential past 
treatments were not assessed. They are, however, an unlikely explanation for our findings, as 
chronicity (the number of illness episodes) was not related to hypothalamus volume. Measuring 
a separate unmedicated group for BD was deemed unfeasible due to the low case numbers in 
our institution. Although antidepressant medication, lithium, and atypical antipsychotics are 
frequently reported to be associated with increased cortical and subcortical GM volume and may 
even reverse GM volume losses (Bora, Fornito, Yucel, & Pantelis, 2010; Bora, Harrison et al., 
2012; Dieleman, Koek, & Hendrikse, 2017; Hajek, Kopecek, Höschl, & Alda, 2012; Hamilton et al., 
2008; Kempton, Geddes, Ettinger, Williams, & Grasby, 2008; Schmaal et al., 2016), we found no 
effect for this treatment combination in our sample. As this study was not designed to analyze 
differential medication effects but rather to exclude medication as a confound, future studies 
should address this question in more detail.  
 Benefiting from the larger population that is readily accessible with in vivo MRI (as 
compared with post mortem histology) we recruited controls that matched the most interesting 
study group–the MDDu. This allowed us to validate the results for the left and right 
hypothalamus, obtained with an ANCOVA, with a dependent samples t-test and thus without 
post hoc control of covariates. The volume increase of the left hypothalamus is therefore not an 
artificial byproduct of the statistical modeling of the covariates.  
 Our sample is drawn from a clinical context. The primary diagnoses of MDD and BD were 
not only determined cross-sectionally with a structured interview but also validated using 
longterm information from the treating psychiatrists. It is therefore representative for the 
intended population of patients with mood disorders. Due to the clinical context, however, our 
patients had various comorbid illnesses. Our results may therefore differ from more 
homogeneous samples. To assess the impact comorbidities may have had on our results we 
compared patients with and without comorbid anxiety disorders in their biography, as assessed 
with the SCID. The left and right hypothalamus volume did not differ between both subgroups 
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(left: t(59) = 0.01, p = .99, right: t(59) = 0.37, p = .72), suggesting that comorbid anxiety disorders 
did not affect our results. Most patients were in a depressive mood state during the 
neuroimaging. Homogeneity in this characteristic may have facilitated the detection of the 
hypothalamus volume difference between patients and controls, as depressive, manic, euthymic 
or mixed states show different patterns of HPA axis activity (Belvederi Murri et al., 2016) and 
subcortical volume changes (Hibar et al., 2016).  
 Previous data on the hypothalamus in MDD and BD is either based on post mortem material 
or the study design and volumetric method does not warrant definite conclusions regarding 
alterations of the hypothalamus volume in acutely ill patients (Glahn et al., 2012; Jorgensen et 
al., 2016). In contrast, our data is based on sub-millimeter resolution, in vivo, high field strength 
(7 Tesla) MRI data and high precision volumetric procedures. As this study involves no post 
mortem validation, we can only speculate on the discrepant findings of the post mortem study 
we attempted to replicate. To our knowledge there exists only one study on the hypothalamus 
that validated an in vivo finding of smaller hypothalamus volumes in behavioral-variant 
frontotemporal dementia with additional post mortem data (Piguet et al., 2011). In this study, 
the magnitude of the observed effect differed by a factor of more than two, illustrating that in 
vivo MRI and post mortem histology may not always correspond. Discrepancies may result from 
the different volumetric methods but also from different properties of living vs. dead brain tissue 
or characteristics associated with samples drawn from living or dead populations.  
 Future replication studies, optimally, will use a longitudinal design to separate cause from 
consequence. They may also investigate homogeneous patient groups under different 
psychopharmacological treatments. Another open question pertains to a potential relationship 
between psychotic symptoms and the hypothalamus volume, as most patients of the model post 
mortem study apparently had psychotic features during their last episode (Bielau et al., 2005), 
whereas this was rarely the case in our samples. It is our hope that the methodical contributions 
in our previous publications will have made such research and in vivo replication attempts 
feasible for other research groups in the field. 
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3.1 Hauptergebnisse 
Das vorherrschende Modell zur Erklärung von Aktivitätsänderungen der HPA-Achse bei UP 
postuliert einen sich selbst verstärkenden Prozess einer gestörten, limbisch-kortikalen Kontrolle 
der HPA-Achse und Struktur- und Funktionsveränderungen der beteiligten Hirnareale durch 
Botenstoffe der HPA-Achse. Im Einklang hiermit lassen sich für nahezu alle Ebenen der HPA-
Achse Funktions- und Strukturveränderungen, insbesondere Volumenveränderungen, bei 
affektiven Störungen nachweisen. Der Hypothalamus selbst ist jedoch kaum erforscht. Für 
gängige Bildgebungsverfahren und, folglich, in vivo Studien war diese kleine (< 2 cm³), 
heterogene Hirnregion bisher nur schwer zugänglich. So existiert weltweit bisher nur ein direkter 
Nachweis eines post mortem verkleinerten Hypothalamusvolumens bei BP sowie ein statistischer 
Trend für eine Reduktion bei UP. 
3.1.1 Theoretische und methodische Vorarbeiten. 
Mittels der Hochfeld-MRT kann der humane Hypothalamus seit wenigen Jahren auch in vivo 
mit einer räumlichen Auflösung im Sub-Millimeter-Bereich vermessen werden. Angesichts der 
ausstehenden Replikation des genannten post mortem Befunds und der multinuklearen Struktur 
des Hypothalamus bzw. der funktionellen Diversität der einzelnen Kerne existierten Zweifel am 
tatsächlichen Ausmaß des Effekts und, folglich, der Replizierbarkeit des Befunds in vivo. Um 
diese Zweifel auszuräumen, wurde in einer qualitativen Überblicksarbeit der Forschungsstand 
hinsichtlich Informationen zu Strukturveränderungen des Hypothalamus und hypothalamischer 
Kerngebiete bei der UP und BP sowie deren Nachweisbarkeit in vivo analysiert. Die 
systematische Literaturrecherche offenbarte eine sehr limitierte Befundlage. Maßgeblich 
getragen von der genannten, explorativen post mortem Studie und Befunden zur Vergrößerung 
des benachbarten 3. Hirnventrikels, deutete der Forschungsstand auf eine Volumenreduktion 
des Hypothalamus bei der UP und BP hin. Die These einer Volumenzunahme des gesamten 
Hypothalamus als strukturelles Korrelat von Aktivitätssteigerungen einzelner hypothalamischer 
Kerngebiete war hingegen, angesichts eines einzelnen, positiven Befunds für den SON, 
zurückzustellen. Die post mortem beobachteten absoluten bilateralen Volumenunterschiede 
entsprechen mehr als 1000 Voxeln hochauflösender struktureller MRT-Aufnahmen. Dies 
versprach eine Nachweisbarkeit in vivo, vorausgesetzt einer vergleichbar reliablen in vivo 
Messmethodik. 
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In einer ersten Methodenstudie wurde daher ein Algorithmus zur manuellen Segmentierung 
des unilateralen Hypothalamus anhand T1-gewichteter 7 Tesla MRT-Aufnahmen entwickelt. 
Dieser unterteilt den Hypothalamus in Regionen und listet für alle drei Raumrichtungen ana-
tomische Merkmale auf, welche die Grenzen der jeweiligen Region markieren. Diese Merkmale 
wurden der Literatur entnommen und anhand von hochauflösenden Hirnatlanten für die Sub-
Millimeter-Auflösung (0.7 mm isotrop) der 7 Tesla MRT-Aufnahmen adaptiert. Größtmögliche 
Objektivität wurde durch Standardisierung der inhaltlichen und zeitlichen Abfolge der 
Arbeitsschritte angestrebt. Zur reliablen Identifizierung insbesondere der diffusen, lateralen 
Grenzen des Hypothalamus verwendet, der Segmentierungsalgorithmus eine Falschfarben-
Darstellung. Deren Farbumschlag wird studienspezifisch anhand einer Stichprobe von MRT-
Bildern so gewählt, dass die Grenze des Hypothalamus im Übergang von der grauen in die weiße 
Hirnsubstanz durch eine gesonderte Farbe optisch hervorgehoben wird. Die Intra- und Inter-
Rater Reliabilitäten des Algorithmus lagen bei mindestens ICC = .94 für das linke und rechte 
Hypothalamusvolumen (10 MRT-Bilder, Intra-Klassen-Korrelationen „Konsistenz“ und „absolute 
Übereinstimmung“ gemäß Koo & Li, 2016). Die räumliche Überlappung der Segmentierungen 
zweier Messdurchgänge oder zweier Rater lag jeweils bei über 95.0% des mittleren 
Hypothalamusvolumens (Dice-Koeffizient). Das gemessene Hypothalamusvolumen betrug im 
Mittel 1130.64 mm³ ± 103.48 mm³. 
Indem der Algorithmus Gewebearten anhand absoluter Intensitätswerte unterscheidet, re-
duziert er den Einfluss von Fehlerquellen der menschlichen Wahrnehmung relativer Grauwerte-
unterschiede (z. B. Übungs- und Erschöpfungseffekte) auf die Volumenmessung des Hypothala-
mus. Aber auch interindividuelle Intensitätsunterschiede der MRT-Aufnahmen können die Relia-
bilität der Volumenbestimmung beeinträchtigen. Zur Optimierung der Messgenauigkeit der volu-
metrischen Methode sollte daher in einer zweiten Methodenstudie eine Intensitätsstandardi-
sierung für T1-gewichtete 7 Tesla MRT MP2RAGE-Aufnahmen identifiziert werden. Hierzu wurde 
anhand einer Extremstichprobe von 20 aus 84 verfügbaren MRT-Aufnahmen analysiert, in 
welchem Maße verschiedene Standardisierungsverfahren interindividuelle Unterschiede der 
Intensitätshistogramme, der mittleren Bildintensität und der Intensität der hypothalamischen 
Grenze reduzieren. Zusätzlich wurde anhand einer charakteristischen Korrelation geprüft, ob die 
Korrekturverfahren wesentliche volumetrische Information der Bilder bewahren. Als einziges aus 
fünf getesteten Verfahren bewältigte eine lineare Standardisierung anhand zweier Referenzre-
gionen alle vier Bewertungskriterien. Sie erreichte eine signifikante Angleichung der Intensitäts-
histogramme, gemessen an der mittleren und maximalen absoluten Differenz der kumulativen 
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Wahrscheinlichkeitsverteilungen zweier subkortikaler Analyseregionen (Z(N = 20) ≥ 2.5, p ≤ 
0.002, mittlere bis große Effektstärken). Die lineare Intensitätsstandardisierung reduzierte 
zudem interindividuelle Unterschiede der Bildintensität, d. h. der mittleren voxelweisen 
Intensitätsdifferenz, in den zwei subkortikalen Analyseregionen sowie der gesamten grauen und 
weißen Hirnsubstanz (Z(N = 20) ≥ 3.6, p < .001, große Effektstärken). Sie halbierte außerdem die 
interindividuelle Streuung (Standardabweichung, SD) der Intensität der hypothalamischen 
Grenze, definiert als Prozentwert des Wertebereichs der MRT-Bilder (SDunkorrigiert = 5.3, SDkorrigiert = 
2.5, t(18) = 7.18, p < .001) und übertraf hiermit die anderen Standardisierungsverfahren. 
Zugleich bewahrte sie die volumetrische Information der MRT-Bilder, operationalisiert als 
Korrelation zwischen dem Probandenalter und dem Volumen der grauen Hirnsubstanz (runkorrigiert 
= -.66, rkorrigiert = -.64, Z(N = 20) = -1.55, p = .12). Die übrigen vier Standardisierungsverfahren 
produzierten gemischte Resultate für die vier Bewertungskriterien. Insbesondere das kumulative 
Histogramm-Matching erwies sich, aufgrund deutlicher Manipulationen der volumetrischen 
Information (rkorrigiert = -.29, Z(N = 20) = -2.17, p = .030, große Effektstärke) als ungeeignet für die 
interindividuelle Intensitätsstandardisierung. 
3.1.2 Patientenstudie. 
Unter Verwendung der entwickelten Analysemethoden wurde die hypothalamische Region 
bei jeweils 20 psychopharmakologisch behandelten und unbehandelten Patienten mit UP, 21 
zumeist psychopharmakologisch behandelten Patienten mit BP sowie 23 gesunden Kontrollen 
gemessen. Die Inter-Rater Reliabilität der drei für die Diagnose und Gehirnhälfte verblindeten 
Rater betrug ICC3, 1 = .89 (Intra-Klassen-Korrelation „Konsistenz“, 20 Hirnbilder, 10 linke und 10 
rechte Hypothalami). In globalen Vergleichen der Hypothalamusvolumina fanden sich weder für 
die linke noch die rechte Seite ein Effekt der Gruppenzugehörigkeit (p > .05). Erst unter ko-
varianzanalytischer Kontrolle des intrakraniellen Volumens zeigte sich für den linken Hypothala-
mus ein signifikanter Einfluss des Gruppenfaktors mit mittlerer Effektstärke (F(3, 79) = 2.96, p = 
.037, ηp2  = 0.10). Dieser blieb auch bei zusätzlicher Kontrolle des Geschlechts signifikant (F(3, 78) 
= 2.87, p = .042). Für das Volumen des rechten Hypothalamus konnte in keinem der varianz- und 
kovarianzanalytischen Modelle ein Effekt der Diagnose nachgewiesen werden. A priori geplante 
Kontraste gegenüber der Kontrollgruppe zeigten linksseitige Vergrößerungen des Hypothalamus-
volumens bei psychopharmakologisch behandelten Patienten mit UP und BP (UP: t(78) = 2.68, p 
= .009; BP: t(78) = 2.20, p = .031). Die Volumenvergrößerungen existierten offenbar unabhängig 
von der Einnahme psychotroper Medikation im letzten Quartal, denn auch für die psychophar-
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makologisch unbehandelten Patienten erreichte der a priori geplante Kontrast statistische 
Signifikanz (t(78) = 2.03, p = .046). Die Volumenvergrößerungen des linken Hypothalamus waren 
darüber hinaus unabhängig von der statistischen Korrektur für das intrakranielle Volumen nach-
weisbar: Aufgrund eines matched-samples Designs existierte zu jedem psychopharmakologisch 
unbehandelten Patienten mit UP eine hinsichtlich einschlägiger Kovariaten (Alter, Geschlecht 
und Händigkeit) vergleichbare Kontrollperson. Im direkten Vergleich der resultierenden 20 
Personenpaare konnte die linksseitige Vergrößerung auch für die nativen, also bezüglich 
Kovariaten unkorrigierten Hypothalamusvolumina nachgewiesen werden (t(19) = 2.13, p = .046, 
t-test für abhängige Stichproben). Im Mittel war der linke Hypothalamus bei Patienten mit UP 
und BP um 4.9% größer als bei gesunden Kontrollen. In der Gesamtstichprobe fand sich ein 
Trend für einen Volumenunterschied zwischen dem rechten und linken Hypothalamusvolumen 
(t(83) = -1.92, p = .059; t-test für abhängige Stichproben), welcher vergleichbar in allen Gruppen 
vorlag (Interaktion Hemisphäre x Gruppe: F(3, 80) = 1.22, p = .31). Zusammenhänge zwischen 
den Hypothalamusvolumina und klinischen Maßen der Krankheitsdauer und -schwere sowie der 
Stärke der Angstsymptomatik überstanden die Korrektur für multiples Testen nicht. 
3.2 Wissenschaftliche Bewertung und Einordnung der Hauptergebnisse 
Die vorliegende Arbeit stellt die ersten in vivo 7 Tesla MRT Daten zur Veränderung des 
Hypothalamusvolumens bei Patienten mit UP und BP vor. Mittels eigens für die Hochpräzi-
sionsvolumetrie des Hypothalamus entwickelten Methoden konnte sowohl bei Patienten mit UP 
als auch bei Patienten mit BP eine linksseitige Vergrößerung des Hypothalamus um ca. 5% im 
Vergleich zu gesunden Kontrollen nachgewiesen werden. Die beobachteten Volumen-
vergrößerungen widersprechen den studienleitenden Hypothesen zu Volumenreduktionen des 
Hypothalamus bei psychopharmakologisch behandelten und unbehandelten Patienten mit UP 
sowie Patienten mit BP. Dies kann eine Reihe von Ursachen haben. 
3.2.1 Fundierung der Hypothesen. 
An erster Stelle ist die theoretische und empirische Fundierung der Hypothesen zu hinterfra-
gen. Laut aktuellen Theoriearbeiten zur Pathophysiologie der UP sind sowohl Volumenverluste 
als auch Volumenzunahmen von Hirnregionen mit Befunden zur Hyperaktivität der HPA-Achse 
vereinbar. Diese Überblicksarbeiten enthalten jedoch keine expliziten Vorhersagen zu Struktur-
veränderungen des Hypothalamus bei der UP oder BP. Analog zur These gleichgerichteter 
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Aktivitäts- und Volumenveränderungen der Amygdala von Bennet (2011b), lässt sich aus 
Aktivitätssteigerungen einzelner hypothalamischer Kerngebiete bei UP oder BP eine Ver-
größerung des Hypothalamus ableiten. Es existieren jedoch kaum empirische Belege für eine 
Volumenvergrößerung der Amygdala oder des Hypothalamus bei diesen Patientenpopulationen. 
Umgekehrt verhält es sich bezüglich hypothalamischer Volumenverluste. Diese sind nur bedingt 
(d. h. unter Zuhilfenahme spekulativer Annahmen wie etwa kompensatorischer Prozesse) mit 
den Aktivitätssteigerungen hypothalamischer Kerne vereinbar. Es existieren jedoch erste empiri-
sche Hinweise auf ein verkleinertes Hypothalamusvolumen bei UP und BP (Bielau et al., 2005; 
Glahn et al., 2012; Jorgensen et al., 2016).  
Eine metaanalytische Datenaggregation dieser Vorbefunde war aufgrund der limitierten 
Datenlage ausgeschlossen. Daher gründen sich die forschungsleitenden Hypothesen der vor-
liegenden Arbeit auf einen qualitativen Literaturüberblick. Dieser bezieht sich, neben Befunden 
zur Vergrößerung des 3. Hirnventrikels, maßgeblich auf einen explorativen post mortem Befund 
einer Volumenreduktion des Hypothalamus bei der BP und einen Trend zu einem reduzierten 
Hypothalamusvolumen bei der UP (Bielau et al., 2005). Aufgrund der ursprünglich histologischen 
Definition der hypothalamischen Region und der hohen räumlichen Auflösung der Mikroskopie 
können histologische Messungen des Hypothalamusvolumens eine hohe Konstruktvalidität 
erreichen. Einzelne Arbeitsschritte der Gewebeaufbereitung sind jedoch anfällig für morpholo-
gische Verzerrungen, welche die Volumenmessungen in der Praxis beeinträchtigen können. Die 
post mortem Studie betrachtete zudem für das Gesamthirnvolumen korrigierte Hypothalamus-
volumina und lässt offen, welchen Einfluss das kovarianzanalytische Korrekturverfahren auf das 
Studienergebnis hat. Die klinische Charakterisierung der Verstorbenen erfolgte in dieser Studie 
retrospektiv, weshalb die Kontrolle von Störvariablen, wie psychopharmakologische Medikation 
und Geschlecht, post hoc erfolgte. Die Generalisierbarkeit des Ergebnisses auf lebende Patienten 
mit UP oder BP ist zudem angesichts geringer Fallzahlen (9 UP und 11 BP) und überwiegend 
psychotischer Begleitsymptomatik (bei 13 der 20 Patienten) eingeschränkt.  
Mit Blick auf die ungeklärten pathophysiologischen Mechanismen der vorhergesagten 
Volumenreduktionen des Hypothalamus, die qualitative Zusammenfassung der Vorbefunde und 
die genannten Limitationen der richtungsweisenden post mortem Studie ist die theoretische und 
empirische Fundierung der Hypothesen insgesamt als eingeschränkt zu beurteilen. Seit der Über-
blicksarbeit veröffentlichte Volumendaten werden (Glahn et al., 2012; Jorgensen et al., 2016) 
zum Hypothalamus bei Patienten mit UP stehen zwar im Einklang mit einer möglichen Volumen-
reduktion, sie sind aber aufgrund methodischer Schwächen nicht eigenständig interpretierbar. 
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3.2.2 Stärken und Schwächen der Patientenstudie. 
Den genannten Limitationen der studienleitenden Hypothesen gegenüber steht die 
Gültigkeit der vorgestellten in vivo Studienergebnisse. So konnten die linksseitigen 
Volumenvergrößerungen des Hypothalamus bei Patienten mit UP und BP unter Kontrolle 
einschlägiger Störvariablen, wie dem intrakraniellen Volumen, dem Geschlecht oder der 
psychopharmakologischen Medikation nachgewiesen werden. Es ist einzuräumen, dass die 
verwendete Kovarianzanalyse, aufgrund des Matchings der Kontrollgruppe zu einer der drei 
Patientengruppen, hinsichtlich des Fehlers 1. und 2. Art eingeschränkt interpretierbar ist. Das 
Verfahren gilt jedoch bei gleichen und hinreichend großen Gruppengrößen (n > 10) als relativ 
robust gegenüber Verletzungen der Annahme unabhängiger Fehlerkomponenten (Bortz & 
Schuster, 2010, S. 311). Die Replikation des linksseitigen Effekts anhand der unkorrigierten 
Hypothalamusvolumina der psychopharmakologisch unbehandelten Patienten mit UP und der 
gematchten Kontrollen (t-Test für Differenzen) bestätigt diese Robustheit und zeigt zudem, dass 
die Volumenvergrößerungen des linken Hypothalamus unabhängig von der statistischen 
Modellierung des intrakraniellen Volumens existieren. Allerdings beziehen sich alle 
Gruppenvergleiche auf nur eine Kontrollgruppe. Weist sie, etwa aufgrund der nicht-
probabilistischen Stichprobenziehung (Gelegenheitsstichprobe), eine mangelhafte Repräsen-
tativität für die Population gesunder Personen auf, so wirkt sich das auf alle Vergleiche mit den 
Patientengruppen aus. Außerdem ist zu beachten, dass die in vivo beobachteten, linksseitigen 
Volumenvergrößerungen des Hypothalamus bei der UP und BP, den Stellenwert explorativer 
Befunde besitzen. Da beide Effektrichtungen theoretisch interessant sind, erfolgte die 
statistische Überprüfung der Forschungshypothesen zweiseitig. Entgegen der Lehrmeinung, 
welche bei gerichteten Hypothesen eine einseitige Hypothesentestung empfiehlt (Döring & 
Bortz, 2016), hat sich in der Praxis die zweiseitige Testung für Fälle durchgesetzt, in denen die 
Gegenrichtung nicht völlig auszuschließen ist (Cho & Abe, 2013). Da für die Gegenrichtung aber 
keine inhaltlichen a priori aufgestellten Hypothesen vorlagen und die geplanten Kontraste eine 
Signifikanzschwelle von jeweils p = .05 verwendeten, sind die Ergebnisse, gemäß Saville (1990), 
hypothesengenerierend zu interpretieren. Somit ist festzuhalten, dass die linksseitigen 
Volumenvergrößerungen des Hypothalamus bei der UP und BP erst nach erfolgreicher 
Replikation einen falsifikatorischen Rückschluss auf eine Theorie erlauben.  
Ebenfalls als vorläufiges Ergebnis, ist die Abwesenheit statistisch nachweisbarer Effekte für 
das rechte Hypothalamusvolumen zu bewerten. Die post hoc berechnete Teststärke der glo-
balen Vergleiche für den rechten Hypothalamus lag bei höchstens 0.31. Dieser nur geringe Wert 
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wurde trotz mehrerer Maßnahmen zur Reduktion der Fehlervarianz und Erhöhung der 
Teststärke erreicht: Erstens untersucht die Studie a priori aufgestellte Hypothesen. Eine 
explorative Analyse hätte, aufgrund der erforderlichen Korrektur des α-Fehler-Niveaus für 
mitunter irrelevante Gruppenvergleiche, eine vergleichsweise noch geringere Teststärke für die 
interessierenden Gruppenvergleiche zu Folge (vgl. Bortz & Schuster, 2010, S. 231). Zweitens 
wurden, mit Blick auf eine post mortem beobachtete große Effektstärke bei Patienten mit BP, die 
Stichprobengrößen so gewählt, dass sie für die einschlägige Statistik des Studiendesigns eine 
Teststärke von 80% gewährleisten (α-Fehler 5%, einfaktorielle Varianzanalyse mit festen 
Effekten, vgl. Cohen, 1992). Drittens reduziert das ad hoc Matching der Kontrollen zu den 
psychopharmakologisch unbehandelten Patienten mit UP die Störvarianz im direkten Vergleich 
dieser Paare. Durch die kovarianzanalytische post hoc Kontrolle von Störvariablen wird, viertens, 
ebenfalls die Fehlervarianz reduziert und die Teststärke erhöht. Fünftens erfolgte die statistische 
Hypothesentestung, mit Rücksicht auf die Kollinearität des linken und rechten 
Hypothalamusvolumens univariat. Von multivariaten Analysen wird bei Korrelationen der 
abhängigen Variablen über 0.7 (rrechts-links (82) = .84) bzw. Eigenwerten der Korrelationsmatrix 
nahe 0 (Eigenwerte: 2.993, 0.005 und 0.001), aufgrund des Verlusts an Teststärke abgeraten 
(Hummel & Sligo, 1971; Maxwell, 2001; Rencher & Christensen, 2012). Schließlich und sechstens, 
verwendet die vorgestellte in vivo Studie, eine reliable Messmethodik – eine wichtige 
Voraussetzung für die Teststärke (Döring & Bortz, 2016, S. 97). Zusammenfassend ist 
festzuhalten, dass die Teststärke, trotz vielfacher Maßnahmen zu ihrer Sicherung, mit deutlich 
unter 80% nicht ausreicht, um von dem nicht-signifikanten Ergebnis zum rechten Hypothalamus 
auf die Abwesenheit eines Volumenunterschieds zwischen den Populationen bzw. auf die 
Nullhypothese zu schließen (Döring & Bortz, 2016, S. 614).  
3.2.3 Bewertung der Messmethodik. 
Offenkundig bedarf die Forschung zu Strukturveränderungen des Hypothalamus bei der UP 
und BP also weiterführender in vivo Studien bzw. Replikationsstudien. Diese können auf die auf-
wändig entwickelte und evaluierte Methodik eines falschfarbengestützten Segmentierungsalgo-
rithmus mit vorangeschalteter Intensitätsstandardisierung für hochauflösende, T1-gewichtete 
MRT-Aufnahmen zurückgreifen. Der standardisierte Segmentierungsalgorithmus gewährleistet 
einen hohen Grad an Objektivität, eine angemessene Trainingszeit und Vergleichbarkeit mit 
zukünftigen Studien. Mithilfe der Falschfarbendarstellung werden sehr hohe Intra- und Inter-
Rater Reliabilitäten erreicht. Sie übertreffen die Intra- und Inter-Rater Messgenauigkeit der post 
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mortem Studie (Interklassenkorrelationen ≤ .89, Bielau et al., 2005) und früherer Segmen-
tierungsalgorithmen für MRT-Aufnahmen niedrigerer räumlicher Auflösungen. Zur Sicherung der 
Konstruktvalidität verwendet der Algorithmus eine triplanare Ansicht und etablierte anato-
mische Merkmale, welche anhand histologischer Atlanten präzisiert wurden. Um eine Konfun-
dierung mit angrenzenden Hirnregionen auszuschließen, unterstützen die Regeln und Land-
marken des Algorithmus eine konservative Segmentierung der hypothalamischen Region. Die 
Hochfeld-MRT erreicht eine Sub-Millimeter-Auflösung und sichert hierüber eine höchstmögliche 
Vergleichbarkeit mit der post mortem Histologie. Das mit diesem Algorithmus ermittelte 
Hypothalamusvolumen liegt im Mittel zwischen histologischen und vergleichbaren MRT-
basierten Schätzungen, was für die Konstruktvalidität der Methode spricht. Für eine quantitative 
Bewertung der Konstruktvalidität ist, in der Folge, ein Vergleich von in situ (MRT) und ex situ 
(MRT und Histologie) Volumetrie anzustreben. Die Entwicklung und Evaluation des 
Segmentierungsalgorithmus erfolgte an einer Teilstichprobe der in vivo Patientenstudie. Seine 
Gütekriterien sind daher vor Anwendung für andere MRT-Sequenzen gesondert zu prüfen.  
Die falschfarbengestützte Analyse absoluter Bildintensitätswerte setzt voraus, dass ähnliche 
Intensitätswerte über Individuen hinweg ähnliche Gewebearten repräsentieren. Die in der vor-
gestellten Arbeit empfohlene, lineare Intensitätsstandardisierung anhand zweier Referenzre-
gionen reduziert regionale und globale interindividuelle Intensitätsunterschiede der grauen und 
weißen Hirnsubstanz in T1-gewichteten MP2RAGE MRT-Aufnahmen. Dabei bewahrt sie nach-
weislich biologische Muster der in den Intensitätswerten enthaltenen Volumeninformation. Mit 
Anwenderkenntnissen in MATLAB (MathWorks, Inc., 1984-2018) und automatischer MRT-Bild-
bearbeitungssoftware wie MIPAV (McAuliffe et al., 2001) ist sie aufwandsarm implementierbar. 
Die lineare Standardisierung profitiert von einem hohen Intensitätsunterschied zwischen den 
verwendeten Referenzregionen, weshalb ihre Effektivität vor Verwendung anderer Referenz-
regionen geprüft werden sollte. Die Evaluierung der Methodik erfolgte zudem an Extrembildern 
der in vivo Patientenstudie, um eine konservative Schätzung ihrer Effektivität zu erhalten. Ihre 
Wirksamkeit bei anderen, ggf. für Artefakte anfälligere MRT-Kontraste und -Sequenzen ist 
gesondert zu prüfen.  
Die kombinierte Methodik aus linearer Intensitätsstandardisierung und falschfarbengestütz-
tem Segmentierungsalgorithmus wurde erfolgreich auf die Gesamststichprobe der Patienten-
studie angewendet. Mit zwei neuen Ratern und der optimierten Präprozessierung der MRT-
Bilder konnte erneut eine hohe Inter-Rater Reliabilität für das Hypothalamusvolumen erreicht 
und somit die Generalisierbarkeit der ursprünglich erhobenen Reliabilitätswerte bestätigt 
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werden. Die hohe Messgenauigkeit belegt gleichzeitig, dass die Intensitätswerte von T1-
gewichteten MP2RAGE-Aufnahmen nach der Intensitätsstandardisierung eine zuverlässige 
Informationsgrundlage für die Hypothalamusvolumetrie darstellen. Die Streuung der Messwerte 
liegt mit 8.5%, bezogen auf das mittlere Hypothalamusvolumen, unter jener histologischer 
Studien (13.4% - 21.3%, Bielau et al., 2005; Bogerts, 2009) oder vergleichbarer MRT-basierter 
Messungen (12.0%, Goldstein et al., 2007; Makris et al., 2013). Dies deutet auf eine erfolgreiche 
Reduktion der Störvarianz hin. Die Alternativerklärung einer mangelhaften Abbildung der biolo-
gischen Varianz durch die kombinierte Messmethodik ist, unter Verweis auf die hohe Reliabilität 
des Segmentierungsalgorithmus und des Erhalts der Volumeninformation durch die Intensitäts-
standardisierung, begründet zurückzuweisen. Mit der vorgestellten Methodik kann das Hypotha-
lamusvolumen am lebenden Patienten präzise bestimmt werden. Pathogenetische Prozesse sind 
hierdurch beschreibbar – eine wichtige Voraussetzung für eine mögliche Verwendung in der 
Diagnostik und Therapie. 
3.2.4 Inhaltliche Interpretation des explorativen Befunds. 
Wie sind nun die in vivo beobachteten linksseitigen Volumenvergrößerungen des Hypotha-
lamus bei der UP und BP, vorbehaltlich ihrer Replizierbarkeit zu verstehen? Hinsichtlich Richtung 
und Ausmaß sind sie vereinbar mit histochemisch nachgewiesenen Aktivitätssteigerungen der 
drei hypothalamischen Kerne, welche an der Regulation der HPA-Achse beteiligt sind (PVN, SON 
und SCN). Bennet (2011b) argumentiert am Beispiel der Amygdala und des Hippocampus, dass 
die UP mit gleichgerichteten Aktivitäts- und Volumenveränderungen limbischer Hirnregionen 
einhergeht. Im Einklang hiermit können die histochemisch nachgewiesenen Aktivitäts-
steigerungen der drei hypothalamischen Kerne die Folge einer gesteigerten Erregung durch die 
Amygdala oder einer verminderten hippocampalen Inhibition sein. Die erhöhte Aktivität kann im 
Zuge neuronaler Adaptationsprozesse zu einer Verzweigung der Dendritenbäume und Zunahme 
der Dornenfortsätze des Hypothalamus führen. Da die drei hypothalamischen Kerne einen 
geschätzten Volumenanteil von bis zu 15.8% des Hypothalamus ausmachen, kann die Zunahme 
ihres Neuropils eine Volumenzunahme des gesamten Hypothalamus um 5 Volumenprozent in 
vivo erklären. Die beobachteten Volumenvergrößerungen sind also möglicherweise ein Korrelat 
hypothalamischer Hyperaktivität bei der UP und BP. Trotz vielfacher Anstrengungen zur 
Optimierung der Messmethodik, des Studiendesigns und der Teststärke arbeitete die Studie 
hinsichtlich des rechten Hypothalamusvolumens oberhalb der Entscheidungsgrenze von 20% für 
den Fehler zweiter Art. Dies kann erklären, warum für den rechten Hypothalamus keine 
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Volumenunterschiede zwischen Patienten und Kontrollen nachgewiesen werden konnten. 
Möglicherweise ist der unilaterale Effekt aber auch ein strukturelles Korrelat einer funktionellen 
Lateralisierung des Hypothalamus. So existieren zunehmend Hinweise auf eine asymmetrische 
hypothalamische Regulation wichtiger Körperfunktionen, wie der Aktivität der HPA-Achse, der 
circadianen Rhythmik, der Nahrungsaufnahme und der Sexualität (Delrue, Deleplanque, Rouge-
Pont, Vitiello & Neveu, 1994; Fontes et al., 2017; Jordan et al., 1992; Kalogeras et al., 1996; Toth 
et al., 2015). Allerdings beschreibt Bennett (2011b) ein sich selbst verstärkendes System einer 
überresponsiven HPA-Achse, welche ihr zentralnervöses Kontrollnetzwerk zunehmend deregu-
liert. Dies sollte sich in Zusammenhängen zwischen dem Hypothalamusvolumen und der Krank-
heitsschwere und -dauer wiederspiegeln, wofür sich in der vorgestellten Studie keine Belege 
fanden. Einen weiteren Zweifel an der These einer Volumenvergrößerung des linken Hypothala-
mus als Korrelat hypothalamischer Hyperaktivität begründet die Beobachtung, dass keine der 
existierenden Studien zum PVN Anzeichen für eine Volumenvergrößerung bei der UP oder BP 
fand (Bernstein et al., 1998; Manaye et al., 2005; Raadsheer et al., 1994).  
Die Daten dieser drei post mortem Studien liefern darüber hinaus eine weitere wichtige 
Erkenntnis: Offenbar variiert das Volumen hypothalamischer Kerne unabhängig von ihrer 
absoluten Neuronenzahl. Daher können die in vivo Volumenvergrößerungen nicht als Hinweise 
für eine Neurogenese des linken Hypothalamus gewertet werden. Ebenso wenig ist das 
vorgestellte Studienergebnis ein verlässliches Indiz für eine erblich bedingte, vergrößerte 
Neuronenzahl des Hypothalamus, wie sie bei der schizophrenen Störung vermutet wird 
(Goldstein et al., 2007). Wie eingangs erläutert, wird die schizophrene Störung mitunter auf 
einem Kontinuum mit BP und UP eingeordnet.  
Gliazellen stellen, neben den Zellkörpern und Fortsätzen von Neuronen, einen weiteren 
wichtigen Volumenanteil der grauen Hirnsubstanz (Bennett, 2011a). Eine qualitative 
Untersuchung des PVN und SON bei Patienten mit UP und BP ergab Hinweise auf Gliose in 
beiden hypothalamischen Kernen (Manaye et al., 2005). Eine Vermehrung der Gliazellen im 
Hypothalamus gilt in der Adipositas-Forschung als Indikator für eine Entzündung infolge einer 
fettreichen Diät (Jais & Brüning, 2017; Rahman, Kim, Lee, Yu & Suk, 2018). Als weitere mögliche 
Korrelate dieser entzündlichen Prozesse wurden eine Volumenvergrößerung des Hypothalamus 
bei gleichzeitiger Verringerung der neuronalen Dichte (Namavar, Raminfard, Jahromi & Azari, 
2012) sowie veränderte Diffusionseigenschaften des hypothalamischen Gewebes (Puig et al., 
2015) beschrieben. Eine in vivo Zunahme des linken Hypothalamusvolumens bei UP und BP 
Wissenschaftliche Bewertung und Einordnung 165 
 
 
könnte entsprechend auf eine Aktivierung und Vermehrung der Gliazellen zurückgehen, welche 
eine Entzündung hypothalamischer Neuronen anzeigt.  
Eine Volumenvergrößerung des Hypothalamus kann auch auf eine Zunahme des 
extrazellulären Flüssigkeitsraumes zurückgehen. Bei einem Mausmodell für stressinduzierte 
hirnmorphologische Veränderungen war eine Vergrößerung des Hypothalamus begleitet von 
einer Zunahme der gerichteten Diffusion (franktionelle Anisotropie) in der hypothalamischen 
Region (Anacker et al., 2016). Die Autoren dieser Studie argumentieren, dass die veränderten 
Diffusionseigenschaften u. a. auf eine geringere Dichte von Gliazellen zurückgehen können. Der 
Hypothalamus zeichnet sich durch seine Nachbarschaft zum 3. Hirnventrikel und eine hohe Zahl 
an Mastzellen aus, welche möglicherweise über das Hormon Histamin den Wasserhaushalt des 
Neocortex beeinflussen (Dong, Zhang & Qian, 2014). Die in der vorgestellten Studie 
beobachteten linksseitigen Volumenvergrößerungen des Hypothalamus bei UP und BP in vivo 
können also alternativ eine Vergrößerung der Zellzwischenräume ohne eine entsprechende 
Zunahme neuronaler oder glialer Zellstrukturen widespiegeln. Die resultierende Verringerung 
der mikrostrukturellen Integrität des hypothalamischen Gewebes würde zudem den früheren 
post mortem Befund eines Volumenverlusts des Hypothalamus bei der BP erklären. Der Verlust 
an Gerüststrukturen kann, infolge mechanischer Krafteinwirkungen während der Extraktion des 
Gehirns, chemischer Fixation und Schnittanfertigung zu einer verstärkten Stauchung des 
Hypothalamus bei Patienten mit UP oder BP führen und so eine niedrigere post mortem 
Volumenmessung verursachen. 
Letztlich ist auch eine veränderte Morphologie hypothalamischer Nachbarstrukturen oder 
Nervenbahnen nicht auszuschließen. Deren anatomische Merkmale leiten die MRT-basierte 
Segmentierung des Hypothalamus. Bei der Unterscheidung der genannten Erklärungsansätze 
können weitergehende Informationen zur Mikrostruktur des Hypothalamus und seiner 
Faserverbindungen helfen. Sie sollen in weiterführender Forschung anhand der Diffusionsbild-
gebung ermittelt werden, wie nachfolgend erläutert wird. 
3.2.5 Ausblick. 
Grundlage einer Analyse mikrostruktureller Veränderungen des Hypothalamus bei der UP 
und BP bildet die Replikation der explorativ beobachteten linksseitigen Volumenvergrößerungen 
des Hypothalamus. Hierzu empfiehlt sich, auch bei Verwendung der vorgestellten Methoden, die 
Reduktion der personenbezogenen Störvarianz mittels Parallelisierungsdesign. Eine Differen-
zierung der beiden Störungsklassen ist nach bisherigem Kenntnisstand nicht erforderlich. Ent-
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sprechend der in vivo beobachteten mittleren Effektstärken ist folglich eine Stichprobengröße 
von mindestens 34 Personenpaaren anzustreben (t-Test für Differenzen, zweiseitige Testung, α = 
.05, β = .80, Bortz & Schuster, 2010, S. 127). Bei Beschränkung der Stichprobe auf Patienten mit 
depressiver Stimmungslage kann eine heterogene Störungsanamnese zulassen werden: Die 
Mehrheit der aktuell untersuchten Patienten wiesen weitere frühere oder aktuelle Achse-I-
Störungen auf. Das erhöht ihre Vergleichbarkeit mit Gelegenheitsstichproben aus dem klinischen 
Kontext, kann aber von homogeneren Stichproben abweichende Ergebnisse produzieren.  
Weiterführende Replikationsstudien sollten eine longitudinale Messung in Betracht ziehen, 
welche im Gegensatz zum aktuell verwendeten Querschnittsdesign Rückschlüsse auf Ursache-
Wirkungsbeziehungen ermöglicht. Begleitend zu klinischen Medikamentenprüfungen kann eine 
differenziertere Beschreibung des Einflusses psychopharmakologischer Medikation auf das 
Hypothalamusvolumen erzielt werden. Zur räumlichen Eingrenzung der in vivo beobachteten 
Volumenunterschiede stehen verschiedene Methoden zur MRT-basierten Parzellierung des 
Hypothalamus zur Verfügung (Bocchetta et al., 2015; Lemaire et al., 2011; Makris et al., 2013; 
Schönknecht et al., 2013).  
Gleichzeitig steht die Validierung der Messmethodik bezüglich der post mortem Volumetrie 
noch aus. Anhand einer Untersuchung des Hypothalamusvolumens Verstorbener mittels der 
MRT und anschließender Histologie kann der Grad der Übereinstimmung der Messungen quanti-
fiziert werden. Die Segmentierung des Hypothalamus (unilateral) mit dem falschfarben-
gestützten Algorithmus dauert ca. 3 Stunden. Vor Anwendung auf umfangreiche Datensätze 
sollte die Möglichkeit einer Automatisierung geprüft werden. Eine semiautomatische Methode 
zur Segmentierung des Hypothalamus anhand 3 Tesla MRT-Aufnahmen und gewebespezifischer 
Wahrscheinlichkeitskarten wurde bereits von Wolff et al. (2018) beschrieben. Die nun 
vorgestellte, erfolgreiche Analyse standardisierter Intensitätswerte von T1-gewichteten 7 Tesla 
MRT-Aufnahmen zeigt, dass möglicherweise auf die aufwändige Erstellung repräsentativer 
Wahrscheinlichkeitskarten verzichtet werden kann. 
 Volumenvergrößerungen des linken Hypothalamus bei der UP und BP können auf eine Ver-
änderung der Mikrostruktur des hypothalamischen Gewebes zurückgehen. Mittels der Diffu-
sionsbildgebung lassen sich solche Veränderungen in vivo untersuchen. Diffusion resultiert aus 
der zufälligen Bewegung von Teilchen. Ungehindert erfolgt sie gleich schnell in allen Raum-
richtungen. Wird sie jedoch durch Zellwände oder Myelin eingeschränkt, so ist sie anisotrop, also 
gerichtet (Beaulieu, 2002). Die Diffusion von Wassermolekülen parallel zu Nervenbahnen ist 
beispielsweise bis zu 6-mal schneller als rechtwinklig zu ihnen (Le Bihan, 2003). Entsprechend 
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deutet eine Zunahme der gerichteten Diffusion auf eine verstärkte Organisation oder 
Myelinisierung von Nervenfasern hin. Keine bis geringe Änderungen der Diffusionseigen-
schaften, trotz Volumenveränderung, sind hingegen ein Hinweis auf eine erfolgreiche Homöosta-
se zwischen den verschiedenen Gewebekomponenten. Sie lassen sich am ehesten mit einer 
neuronalen Adaptation an eine gesteigerte Aktivität vereinbaren, wie sie am Beispiel der Amyg-
dala beschrieben wurde. Eine Aktivierung und Vermehrung von Gliazellen im Rahmen ent-
zündlicher Prozesse hätte stattdessen eine Vermehrung mikrostruktureller Diffusionsbarrieren 
zu Folge. Diese würden, wie auch eine Vergrößerung flüssigkeitsgefüllter Zellzwischenräume, das 
Verhältnis von gerichteter zu ungerichteter Diffusion in Richtung letzterer verschieben. Für die 
Untersuchungsgruppen der vorgestellten Studie stehen diffusionsgewichtete MRT-Daten zur 
Verfügung. Zur eingehenderen Untersuchung der verschiedenen Erklärungsansätze soll in der 
Folge anhand diffusionsgewichteter Marker untersucht werden, ob der vergrößerte linke 
Hypothalamus veränderte Gewebeeigenschaften aufweist. Anschließend soll das Konnektom des 
Hypothalamus modelliert und hinsichtlich krankheitsassoziierter Veränderungen explorativ 
analysiert werden. 
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4.2 Abkürzungsverzeichnis 
  
ACTH Adrenokortikotropes Hormon 
BP Bipolare affektive Störung 
bzw. beziehungsweise 
ca. circa 
CRH Kortikotropin Releasing Hormon 
d. h. das heißt 
DSM Diagnostic and statistical manual of mental disorders. 
ggf. gegebenenfalls 
GR Glukokortikoid-Rezeptoren 
HPA-Achse Hypothalamus-Hypophysen-Nebennierenrinden-Achse 
MRT Magnetresonanztomographie 
PVN Nucleus paraventricularis 
SCN Nucleus suprachiasmaticus 
SON Nucleus supraopticus 
u. a. unter anderem 
UP Unipolare affektive Störung 
vgl. vergleiche 
z. B. zum Beispiel 
z. T. zum Teil 
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4.3 Zusammenfassung 
Problemstellung. 
Auch nach Dekaden intensiver Forschung ist die Entstehung und Entwicklung uni- und 
bipolarer affektiver Störungen nur unzureichend verstanden. Im Allgemeinen geht die Forschung 
davon aus, dass sie Funktionsstörungen des Gehirns sind und für ihre Entstehung sowohl Stress 
als auch ungünstige Personeneigenschaften zusammentreffen müssen – je vulnerabler eine 
Person, desto weniger Stress ist vonnöten, um diese Erkrankungen auslösen. Doch über welche 
biologischen Mechanismen Stress die Gehirne vulnerabler Menschen krankhaft verändert, ist 
bisher nicht eindeutig geklärt. Hirnforschung untersucht hierzu Struktur- und Funktionsverän-
derungen der Gehirne Betroffener mittels bildgebender Verfahren. Von besonderem Interesse 
sind limbische Hirnregionen mit einer Beteiligung an der Regulation der Hypothalamus-Hypo-
physen-Nebennierenrindenachse (HPA-Achse). Diese Hormonachse steuert die Cortisolantwort 
des Körpers auf Stressreize und es ist bekannt, dass Cortisol über den Blutkreislauf in das Gehirn 
gelangt und dessen Struktur und Funktionsweise beeinflusst. Die HPA-Achse stellt also eine 
biologische Struktur dar, über die Stress pathologische Veränderungen des Gehirns bewirken 
kann. Als Kopf der HPA-Achse nimmt entsprechend auch der Hypothalamus eine mögliche 
Schlüsselposition bei der Pathogenese uni- und bipolarer affektiver Störungen ein.  
Im Gegensatz zu anderen limbischen Strukturen, für die mitunter große Datenmengen vor-
liegen, ist der Hypothalamus aber noch kaum erforscht. Für gängige Bildgebungsverfahren und, 
folglich, in vivo Studien war diese kleine, heterogene (< 2 cm³) Hirnregion bisher nur schwer zu-
gänglich. So existiert nur ein direkter Nachweis eines post mortem reduzierten Hypothalamus-
volumens bei der unipolaren affektiven Störung (statistischer Trend) und der bipolaren 
affektiven Störung des Typs 1. Die dabei beobachteten Volumenreduktionen von bis zu 15.5% 
erscheinen, mit Blick auf die multinukleare Struktur des Hypothalamus und histochemisch 
nachweisbare Aktivitätssteigerungen einzelner hypothalamischer Kerngebiete überraschend. 
Bisher geht die Hirnforschung überwiegend von gleichgerichteten regionalen Volumen- und 
Aktivitätsveränderungen bei der unipolaren affektiven Störung aus. So gilt etwa eine Atrophie 
des Hippocampus als ein strukturelles Korrelat seiner gestörten Fähigkeit die HPA-Achse zu 
hemmen. Eine Hypertrophie der Amygdala spiegelt hingegen möglicherweise eine plastische 
Adaptation ihrer Neurone an eine cortisolinduzierte Hyperexzitabilität.  
Eine hypothalamische Volumenveränderung des post mortem beobachteten Ausmaßes 
sollte sich jedoch mittels moderner Hochfeld-Magnetresonanztomographie (MRT) überprüfen 
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lassen. Durch Magnetfeldstärken ab 7 Tesla wird eine räumliche Auflösung von weniger als 
einem Millimeter erreicht, mit der selbst der humane Hypothalamus in vivo präzise abgebildet 
werden kann. Ein Nachweis hypothalamischer Volumenveränderungen in vivo würde einen 
neuen Zugang für die weitere Erforschung der Pathogenese und Diagnostik uni- und bipolarer 
affektiver Störungen aufzeigen. Hierzu waren aber zunächst die Erfolgsaussichten eines solchen 
Vorhabens abzuschätzen und eine geeignete Analysemethodik des Hypothalamusvolumens für 
hochauflösende MRT-Aufnahmen zu entwickeln. 
Vorgehen. 
Die vorliegende Arbeit stellt drei vorab publizierte, theoretische und methodische Vorar-
beiten sowie deren Anwendung in einer ebenfalls publizierten in vivo Patientenstudie vor. Zu-
nächst wurde anhand eines Literaturüberblicks der aktuelle Forschungsstand zu Strukturverän-
derungen des Hypothalamus und seiner Kerngebiete bei uni- und bipolaren affektiven Störungen 
qualitativ zusammengefasst. Die bisherige Befundlage wurde methodenkritisch diskutiert und, 
unter Berücksichtigung des Technikstands, hinsichtlich einer Nachweisbarkeit von Struktur-
veränderungen des Hypothalamus mittels in vivo Hochfeld-Bildgebung interpretiert. 
In zwei anschließenden Methodenstudien wurde eine Methodik zur Volumetrie des Hypo-
thalamus anhand T1-gewichteter 7 Tesla MRT-Aufnahmen entwickelt und evaluiert. Um der 
verbesserten Auflösung dieser Bilder (0.7 mm isotrope Voxelgröße) gerecht zu werden, waren 
die existierenden, manuellen Segmentierungsalgorithmen des Hypothalamus zu adaptieren. Die 
etablierten, anatomischen Grenzen des Hypothalamus wurden hierzu mithilfe histologischer 
Hirnatlanten präzisiert und um die triplanare Ansicht erweitert, eine Falschfarbendarstellung 
eingeführt und die einzelnen Arbeitsschritte der Rater standardisiert. Die Intra- und Inter-Rater 
Reliabilität des entwickelten Algorithmus wurde von zwei Ratern anhand von Intra-Klassen-
Korrelationskoeffizienten (ICC, Übereinstimmung der Volumina) und des Dice-Koeffizienten 
(räumliche Überlappung der Segmentierungen) an einer Stichprobe von 10 aus 84 verfügbaren 
MRT-Bildern ermittelt.  
Die falschfarbengestützte Analyse absoluter Bildintensitätswerte mithilfe des Segmentie-
rungsalgorithmus setzt allerdings voraus, dass ähnliche Intensitätswerte über Individuen hinweg 
ähnliche Gewebearten repräsentieren. Weisen die individuellen MRT-Bilder hingegen eine unter-
schiedliche Bildhelligkeit auf, führt dies, auch ohne objektive Größenunterschiede der einzelnen 
Hypothalami zu unterschiedlichen Volumenmessungen. Zur weiteren Optimierung der Messge-
nauigkeit wurde daher eine Intensitätsstandardisierung entwickelt und mit vier weiteren 
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Verfahren anhand einer Extremstichprobe von 20 aus 84 verfügbaren MRT-Bildern verglichen. 
Eine Annäherung der individuellen, gewebespezifischen Intensitätshistogramme und mittleren 
Bild-intensitäten an einen zuvor definierten Standard sowie eine Reduktion der 
interindividuellen Intensitätsunterschiede an der Grenze des Hypothalamus wurden als 
erfolgreiche Intensitäts-standardisierung gewertet. Besonderes Augenmerk galt außerdem der 
Beibehaltung der volumetrischen Bildinformation durch die verschiedenen Verfahren. 
Aufbauend auf diesen theoretischen und methodischen Vorarbeiten wurde schließlich 
untersucht, ob sich Volumenreduktionen des Hypothalamus bei Patienten mit uni- und bipolaren 
affektiven Störungen im Vergleich zu Kontrollen in vivo nachweisen lassen. Unter Verwendung 
der kombinierten Methodik aus linearer Intensitätsstandardisierung und falschfarbengestütz-
tem Segmentierungsalgorithmus wurden jeweils 20 psychopharmakologisch unbehandelte und 
behandelte Patienten mit unipolarer affektiver Störung sowie 21 Patienten mit bipolarer 
affektiver Störung mit 23 gesunden Kontrollpersonen verglichen. Die Kontrolle von Störvariablen 
erfolgte sowohl ad hoc, über das Studiendesign (Matching der Kontrollen zur Studiengruppe der 
psychopharmakologisch unbehandelten Patienten mit unipolarer affektiver Störung), als auch 
post hoc, statistisch. Die Robustheit der Studienergebnisse wurde durch Gegenüberstellung der 
jeweils indizierten Analyseverfahren (t-Test für Differenzen versus Kovarianzanalyse) überprüft.  
Ergebnisse. 
Die systematische Literaturrecherche offenbarte eine limitierte Befundlage zu Strukturver-
änderungen des Hypothalamus und seiner Kerngebiete bei uni- und bipolaren affektiven 
Störungen. Maßgeblich getragen von der einleitend genannten post mortem Studie deutete der 
Forschungsstand auf Reduktionen des Hypothalamusvolumens in Größenordnungen hin, welche 
mittels hochauflösender in vivo Bildgebung nachgewiesen werden können. Die alternative These 
einer Volumenzunahme des Hypothalamus als strukturelles Korrelat von Aktivitätssteigerungen 
hypothalamischer Kerngebiete war entsprechend zurückzustellen.  
Der falschfarbengestützte Segmentierungsalgorithmus für hochaufgelöste, T1-gewichtete 
MRT-Bilder erreichte, mit ICC ≥ .94, sehr hohe Intra- und Inter-Rater Reliabilitäten (Modell 1,1 
bzw. 1, 3) für das linke und rechte Hypothalamusvolumen. Die räumliche Überlappung der 
Segmentierungen zweier Rater und Messdurchgänge lag jeweils bei über 95.0% ihres 
gemittelten Volumens. Das Hypothalamusvolumen lag mit einem Mittelwert von 1130.64 mm³ 
und einer Standardabweichung von 103.48 mm³ zwischen früheren, vergleichbaren MRT-
basierten und histologischen Schätzungen. 
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Aus den fünf getesteten Intensitätsstandardisierungen bewältigte allein eine anhand zweier 
Referenzregionen ermittelte, lineare Korrekturfunktion alle vier Bewertungskriterien. Sie 
erreichte eine signifikante Angleichung der individuellen Intensitätshistogramme und der 
mittleren voxelweisen Intensitäten in lokalen und/oder globalen, gewebespezifischen 
Analyseregionen (mittlere bis große Effektstärken). Sie halbierte die interindividuelle Streuung 
der Intensität an den Grenzen des Hypothalamus und bewahrte dennoch die Korrelation 
zwischen dem Probandenalter und dem Volumen der grauen Hirnsubstanz (rnativ = -.66, 
rstandardisiert = -.64, Z(N = 20) = -1.55, p = .12).  
 Die Inter-Rater Reliabilität der Volumenmessungen in der Patientenstudie betrug ICC3, 1 = .89 
(20 Hypothalami, 3 Rater, Verblindung für Diagnose und Hirnhälfte). Unter Kontrolle für das 
intrakranielle Volumen und Geschlecht konnte ein signifikanter Einfluss der 
Studiengruppenzugehörigkeit auf das linke Hypothalamusvolumen mit mittlerer Effektstärke 
(F(3, 78) = 2.87, p = .042, ηp2  = 0.10) nachgewiesen werden. Anschließende a priori geplante 
Kontraste gegenüber der Kontrollgruppe zeigten linksseitige Vergrößerungen des 
Hypothalamusvolumens sowohl bei psychopharmakologisch unbehandelten und behandelten 
Patienten mit unipolarer affektiver Störung (t(78) = 2.03, p = .046 bzw. t(78) = 2.68, p = .009) als 
auch bei Patienten mit bipolarer affektiver Störung (t(78) = 2.20, p = .031). Im direkten Vergleich 
der 20 psychopharmakologisch unbehandelten, unipolar affektiv Erkrankten mit den 20, gemäß 
Studiendesign gematchten Kontrollen, konnte die linksseitige Vergrößerung des Hypothalamus 
auch anhand der nativen, unkorrigierten Volumina nachgewiesen werden (t(19) = 2.13, p = .046). 
Im Mittel war der linke Hypothalamus bei Patienten mit uni- und bipolaren affektiven Störungen 
um 4.9% größer als bei gesunden Kontrollen. Für das rechte Hypothalamusvolumen konnte in 
keinem der Vergleiche ein Effekt der Diagnose nachgewiesen werden und es fand sich nur ein 
statistischer Trend für einen Hemisphärenunterschied der beiden Hypothalami (t(83) = -1.92, p = 
.059). 
Schlussfolgerungen. 
Entgegen der studienleitenden Hypothesen ist das Hypothalamusvolumen bei lebenden 
Patienten mit uni- und bipolarer affektiver Störung vergrößert. Dieses überraschende Ergebnis 
bekräftigt bekannte Limitationen der Hypothesen. So war etwa ungeklärt, in welcher Relation 
die vorhergesagten Volumenreduktionen zu histochemisch nachgewiesenen Aktivitätssteige-
rungen einzelner hypothalamischer Kerngebiete stehen. Auch stützten sich die Hypothesen, wie 
der Literaturüberblick verdeutlicht, maßgeblich auf einen singulären, explorativen post mortem 
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Befund. Alternativ können die hypothesenkonträren Ergebnisse auf Limitationen der aktuellen in 
vivo Studie zurückgehen. So beziehen sich alle Volumenunterschiede auf nur eine 
Kontrollgruppe. Weicht sie von der intendierten Vergleichspopulation gesunder Menschen ab, 
wirkt sich das auf alle Vergleiche mit den Patienten aus. Da die beobachteten Volumenver-
größerungen zudem nicht durch a priori Hypothesen gestützt sind, haben sie den Stellenwert 
explorativer Befunde und bedürfen einer Replikation.  
Replikationsstudien können auf eine eigens für hochauflösende MRT-Aufnahmen ent-
wickelte Messmethodik des Hypothalamusvolumens zurückgreifen. Mittels einer linearen 
Intensitätsstandardisierung anhand zweier subkortikaler Referenzregionen werden inter-
individuelle Unterschiede der gewebespezifischen Bildintensitäten reduziert, sodass die 
absoluten Intensitätswerte zur Unterscheidung von Gewebearten herangezogen werden 
können. Optisch unterstützt durch die Falschfarbendarstellung des Segmentierungsalgorithmus 
helfen sie Entscheidungsunsicherheiten an den teils diffusen Grenzen des Hypothalamus zu 
reduzieren – eine Hauptursache für Messfehler des Volumens bei dieser kleinen Hirnstruktur. 
Hierdurch erreichen auch Rater ohne Expertise in der Anatomie des Hypothalamus eine sehr 
hohe Messgenauigkeit, wie in der Patientenstudie gezeigt werden konnte. Eine Prüfung der 
Übertragbarkeit der Messmethodik auf andere MRT-Kontraste oder -Sequenzen sowie der 
Übereinstimmung mit post mortem Histologie steht bislang noch aus. 
Volumenvergrößerungen des Hypothalamus bei uni- und bipolaren affektiven Störungen um 
wenige Volumenprozente können auf eine Zunahme des Neuropils im Zuge neuronaler Adapta-
tionsprozesse an eine exzessive Stimulation durch die Amygdala oder eine reduzierte 
hippocampalen Inhibition hindeuten. Alternativ können Volumenvergrößerungen auf eine 
Zunahme der Gliazellen zurückgehen, welche als typischer Indikator für eine Entzündung des 
Hypothalamus gilt. Sie können aber auch eine Vergrößerung der Zellzwischenräume ohne ent-
sprechende Zunahme neuronaler und glialer Zellstrukturen widerspiegeln. Letzteres könnte, 
aufgrund der verringerten mikrostrukturellen Integrität des Gewebes mit einer verstärkten 
Stauchung des Hypothalamus während der histologischen Gewebeaufbereitung einhergehen 
und so den gegenteiligen, früheren post mortem Befund eines Volumenverlusts des 
Hypothalamus bei der Bipolar-I-Störung erklären. Zur Überprüfung der Gewebeintegrität der 
hypothalamischen Region bei Patienten mit uni- und bipolarer affektiver Störung, sollen daher, 
in der Folge die mikrostrukturellen Gewebeeigenschaften des Hypothalamus mittels 
diffusionsgewichteter Bildgebung untersucht werden. 
192  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Anhang 193 
 
 
4.4 Summary 
Background. 
Even after decades of intensive research the origin and development of uni- and bipolar 
affective disorders is poorly understood. Generally, these disorders are thought to be 
dysfunctions of the brain that evolve when, and only when, stress and adverse individual 
characteristics interact–the more vulnerable a person, the less stress is needed to trigger these 
disorders. Yet, it is still unsolved how stress actually induces pathological changes in the the 
brains of vulnerable people. To uncover the exact mechanisms, brain research investigates 
structural and functional brain changes of patients with uni- and bipolar affective disorders using 
brain imaging techniques. Particular attention is given to limbic brain regions that are involved in 
the regulation of the hypothalamus-pituitary-adrenal axis (HPA-axis). This hormon axis regulates 
the body’s cortisol response to stressful stimuli and it is known, that, via the blood circulation 
cortisol reaches the brain and induces structural and functional changes there. The HPA-axis is 
therefore a biological structure by which stress may cause pathological changes in the brain.  
Given its position as the head of the HPA-axis and its vital role in maintaining bodily 
homeostasis, the hypothalamus is a probable key to understanding the pathogenesis and 
symptomatology of uni- and bipolar affective disorders. Yet, in contrast to other limbic 
structures, for many of which huge amounts of data have been amassed, the hypothalamus is 
barely studied. For standard imaging techniques and, hence, in vivo reseach, this small (< 2 cm³) 
and heterogeneous brain region is hard to capture. It is thus that, to date, only one direct 
evidence of a post mortem volume loss of the hypothalamus in unipolar affective disorder 
(statistical trend) and bipolar affective disorder (significant effect) exists. The post mortem 
observed volume losses of up to 15.5% appear surprising, however, considering the multinuclear 
structure of the hypothalamus and histochemical evidence of an activity increase in certain 
hypothalamic nuclei. Usually, current brain research assumes a direct relationship between 
volumetric and activational brain changes in unipolar affective disorder: Hippocampal atrophy is 
thought to be a structural correlate of its function loss and inability to inhibit the HPA-axis 
whereas hypertrophy of the amygdala has been suggested to be the result of its cortisol-induced 
hyperactivity which results in excessive stimulation of the HPA-axis. 
A volume difference of the hypothalamus of the post mortem observed magnitude may, 
however, be detectable using modern high-field magnetic resonance imaging (MRI) techniques. 
With magnet field strengths of 7 Tesla or higher a spatial resolution of less than 1 millimeter can 
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be achieved which permits the precise measurement of brain regions even as small as the 
human hypothalamus. Evidence of in vivo volume changes of the hypothalamus could prove a 
new access window for the research into the pathogenesis and diagnostics of uni- and bipolar 
affective disorders. Firstly however, the chances of such an investigation had to be assessed and 
a precise method for the segmentation of the hypothalamus on high-resolution MR-images had 
to be developed. 
Procedure. 
The current work presents four published studies comprising the theoretical and methodical 
groundwork of an in vivo patient study of the hypothalamus volume as well as its realization. As 
a first step, a qualitative review of the literature summarizes the existing knowledge about 
structural changes of the hypothalamus and its nuclei in uni- and bipolar affective disorders. 
Previous studies are discussed with emphasis on methodical aspects and evaluated regarding the 
detectability of structural changes of the hypothalamus in vivo given the recent advances in 
high-field MRI.  
In two subsequent method studies the development and evaluation of a volumetric 
procedure for the hypothalamus on T1-weighted 7 Tesla MR images is described. To capitalize 
on the improved spatial resolution of these images (0.7 mm isotropic voxel size), the existing 
manual segmentation algorithms of the hypothalamus had to be adapted. The established 
anatomical landmarks of the hypothalamus were refined using histological brain atlases and 
complemented for the triplanar view. A color-coding was introduced and the working steps of 
the raters were standardized. The intra- and inter-rater reliability of the optimized segmentation 
algorithm was determined in terms of intraclass correlation coefficients (ICC, reliability of the 
volumes) and Dice’s coefficient (spatial overlap) in a sample of 10 out of 84 available MR images. 
The analysis of absolute MR-image intensity values with the help of a color-coding requires 
that similar intensity values represent similar tissue types across different persons. Otherwise, 
interindividual differences in the image intensity can lead to different volume measurements 
even without biological volume differences. To optimize the measurement precision of the 
hypothalamus volumetry a new intensity standardisation technique was developed. It was 
compared to 4 alternative intensity standardisation procedures using a sample of 20 MR images 
with extreme gray and white matter median intensities. In a multi-level analysis the 
interindividual variability of the intensity histograms, of the average image intensity, and of the 
intensity of the hypothalamus boundary was evaluated. As a fourth evaluation criterion it was 
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required that the correlation between the tissue-specific brain volumes and subject age be 
preserved during intensity standardisation.  
The final study, building on the 3 previous studies, investigated whether the hypothalamus 
volume is reduced in patients with uni- and bipolar affective disorder in vivo. Using the newly 
developed intensity standardisation and segmentation algorithm the hypothalamus volume was 
measured in 20 unmedicated and 20 medicated patients with unipolar affective disorder as well 
as in 21 patients with bipolar affective disorder and compared to that of 23 healthy controls. 
Relevant covariates like age, sex, handedness, and intracranial volume were controlled ad hoc by 
the study design (matching of the controls to the unmedicated patients with unipolar affective 
disorder) or statistically post hoc.  
Results. 
The systematic literature search revealed a scarcity of structural data on the hypothalamus 
and its nuclei in uni- and bipolar affective disorders. Predominated by the initially cited post 
mortem study the data supported the notion of hypothalamus volume losses by magnitudes that 
may be detectable using high-field in vivo MRI. The alternative hypothesis of a hypothalamus 
volume increase as a structural correlate of histochemically observed activity increases in certain 
hypothalamic nuclei could not be substantiated. 
The segmentation algorithm for color-coded high-resolution T1-weighted MR images 
ensured very high intra- and inter-rater reliabilities (ICC ≥ .94) for the left and the right 
hypothalamus volume. The spatial overlap of the segmentations from two raters or two 
segmentation runs was on average at least 95.0%. The mean hypothalamus volume (± standard 
deviation) 1130.64 mm³ ± 103.48 mm³ lay within the range of previous exact measurements 
using MRI or histology. 
 Out of 5 tested intensity standardisation techniques only a linear correction function 
estimated from two subcortical regions of gray and white matter mastered all 4 evaluation 
criteria. It significantly reduced interindividual differences of the intensity histograms and the 
average image intensity in tissue-specific, subcortical and/or whole-brain analysis regions 
(medium to large effect sizes). It more than halved the interindividual intensity variation of the 
hypothalamic boundary and kept the original correlation between subject age and the whole-
brain gray matter volume intact (roriginal = -.66, rstandardized = -.64, Z(N = 20) = -1.55, p = .12). 
 In the patient study, the inter-rater reliability of the hypothalamus volume was high 
(ICC3, 1 = .89, 10 left and 10 right hypothalami, 3 raters blinded to diagnosis and brain 
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hemisphere). There was a significant effect of the group factor on the left hypothalamus volume 
corrected for intracranial volume and sex (F(3, 78) = 2.87, p = .042, ηp2  = 0.10, medium effect 
size). A priori planned contrasts against the control group revealed a left-sided enlargement of 
the hypothalamus volume in patients with unipolar affective disorder with or without recent 
psychopharmacotherapy (t(78) = 2.68, p = .009 (t(78) = 2.03 and p = .046, respectively) as well as 
in patients with bipolar affective disorder (t(78) = 2.20, p = .031). In accordance with the study 
design the controls had been matched to the unmedicated patients with unipolar affective 
disorder to reduce error variance ad hoc. By direct comparison of the resulting 20 subject pairs 
the left-sided enlargement could be observed in the patients with unipolar affective disorder 
without pharmacotherapy even for the native, statistically uncorrected hypothalamus volumes 
(t(19) = 2.13, p = .046). On average, the left hypothalamus was 4.9% larger in patients with uni- 
or bipolar affective disorder compared with the controls. No effect of the group factor on the 
right hypothalamus volume was found and it differed from the left hypothalamus volume only at 
the trend level (t(83) = -1.92, p = .059). 
Conclusions. 
Contrary to the study’s hypotheses, the hypothalamus volume is increased in patients with 
uni- and bipolar affective disorders. This surprising finding corroborates known limitations of the 
hypotheses. For instance, the relationship between the predicted hypothalamus volume 
reductions and histochemically discovered activity increases in certain hypothalamic nuclei had 
remained unclear. Also, the empirical basis of the hypotheses had, with a singular, exploratory 
post mortem finding, been very limited. It should be noted, however, that the current in vivo 
volume differences in patients with uni- and bipolar affective disorder were observed relative to 
a single control group. Should this group differ from the intended population of healthy subjects, 
all statistical comparisons with the patient groups could be affected. Also, since the observed 
volume increases of the left hypothalamus in the patients were not predicted by a priori 
hypotheses, they should be considered exploratory findings that need replication. 
 Replication studies may benefit from the newly developed volumetric procedure for the 
hypothalamus on high-resolution T1-weighted MR images. The proposed linear intensity 
standardisation reduces preexisting interindividual differences of the image intensities and thus 
warrants the distinction of brain tissues by their absolute intensity values on the MR images. 
Optically enhanced by a color-coding, the absolute intensity values can then be easily 
interpreted according to the newly developed segmentation algorithm of the hypothalamus. 
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This reduces decision uncertainty at the boundary of the hypothalamus–a chief cause for 
measurement errors of this small brain region. Facilitated by the high standardisation of the 
segmentation algorithm high-precision hypothalamus volumetry can thus be learned by people 
without expert knowledge in brain anatomy, as demonstrated by 2 new raters of the patient 
study. The applicability of the combined methodical procedure of linear intensity standardisation 
and segmentation algorithm to other MRI contrasts or sequences as well as its agreement with 
post mortem histology has to be proven in the future. 
Enlargements of the hypothalamus by only a few volume percent in patients with uni- and 
bipolar affective disorder may point to an increase in neuropil as a result of neuronal adaptation 
to an excessive stimulation by the amygdala or an insufficient hippocampal inhibition. 
Alternatively the volume increases may reflect an increase in glial cells, which is considered a 
typical indicator of hypothalamic inflammation related to a high-fat diet. They may also be a sign 
of an enlarged extracellular space without a corresponding increase of neuronal or glial cell 
components. In the latter case, the reduction in tissue integrity could lead to stronger 
mechanical compression during histological tissue preparation and thus explain the contrary, 
previous post mortem finding of a hypothalamus volume loss in bipolar-I-disorder. To explore 
the possible causes of the observed in vivo volume increases of the left hypothalamus further, 
the microstructural properties of the hypothalamic tissue will we analyzed in a following study 
using diffusion weighted imaging. 
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